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A QUANTITATIVE STUDY OF PHENOCOPY PRODUCTION WITH 
MONOCHROMATIC ULTRAVIOLET IRRADIATION 

CLAUDE A. VILLEEi 

Marine Biological Laboratory, Woods Hole, Mass,, and Department of Biological Chemistry, 
Harvard Medical School, Boston, Mass. 

The term phenocopy w$.s introduced by Groldschmidt (1935) to refer to forms, 
produced by some experimental procedure, whose appearance duplicates or copies 
the phenotype of some mutant or combination of mutants. The first experiments 
with phenocopy production were those of Standfuss (1896) who, by treating 
butterfly pupae with high or low temperatures, produced adults whidi resembled 
other geographic races. Phenocopies have been produced in Drosophila by high 
temperature (Groldschmidt, 1929, 1935; Plough and Ives, 1932, 1935; Child, 
Blanc, and Plough, 1940), low temperature (Gk)ttschewski, 1934), X-rays (Friesen, 
1936; Waddington, 1942; Villee, 1946a) > chemical agents (I^poport, 1939), 
visible light (Villee and Lavin, 1946), and ultraviolet light (Geigy, 1931 ; Eloff, 
1939; Epsteins, 1939). Geigy irradiated only very early egg stages and obtain^ 
flies with abnormal abdomens, legs, and wings. Eloff was interested primarily in 
the effects of ultraviolet light on crossing-over but observed some wing abnormali- 
ties when late pupae were irradiated. Epsteins irradiated larvae and pupae and 
produced abnormal abdomen, hemithorax, the absence of the scutellum, and abnor- 
malities in the wings, chiefly scalloping of the distal and posterior edges of the 
wings. In none of these experiments was the intensity of the ultraviolet light 
measured. 

This study was undertaken to provide quantitative data of the effects of ultrar 
violet light on larval and pupal stages. It was originally planned to use both 
2537 A and 2800 A light to see if the phenocopy-producing reactions could be 
ascribed to changes in nucleic acid or protein metabolism. However, a light source 
providing 2800 A light could not be obtained so experiments with that have been 
postponed. Davis (1944) made a quantitative study of the effects of Ultraviolet 
in inhibiting the folding process in neural tube formation in chicks. By usii^ 
monochromatic light of different wave-lengths obtained from a monochromator he 
determined the photochemical efficiency curve for the process. This was found to 
compare closely with the. absorption curve of sterols, especially that of 7-dehydro- 

^ I aju greatly to Dr. George I. Lavin for supplying the ulUayioIct lanip, iHter, 

and tnet^ used in these ^experiments and for fiOTishihg .much invaluable adrfce and criticisin 
during the course of the study, and to Dr. Eric G. Ball for the facilities of his laboratory. 
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cholesterol, with maxima at 2576 A and 2804 A. Schechtman (1944) found that 
the inhibiting effects of ultraviolet light on the development of Hyla eggs were 
slightly stronger at 2537 A than at other bands tested and Landen and Uber ( 1939) 
found that the inactivation of yeast by ultraviolet was greatest at 2600 A, where 
500 ergs mm.- produced 50 per cent inactivation. Stadler and Uber (1942) found 
that the photochemical efficiency curve of ultraviolet light in producing mutations 
in maize corresponded to the absorption curve of nucleic acids and Hollaender 
(1945) and colleagues found that ultraviolet of wave-length 2600 A was much more 
^cient than other wave-lengths in producing mutations in a variety of fungi, 
Neurospora, Trichophyton, Penicillium, and Aspergillus. 

Materials and Methods 

Three stocks were irradiated: a wild type and an aristapedia-Bridges (ss^, 
chromosome 3. locus 58.8) stock isogenic with it (Villee, 1946b) and an inde- 
pendent, miniature wing (m, chromosome 1, locus 36.1) stock. Larvae were 
obtained by allowing large numbers of stock flies to lay eggs for a two-hour period 
on com meal-molasses-agar food in half-pint bottles. The ages of the larvae are 
thus known to within zt one hour. The cultures were kept at 25.5° C. before and 
after irradiation. At this temperature the larvae pupate within a few hours of 
100 hours after they hatch from the eggs. Prepupae (white pupae) were col- 
lected frequently and the time noted. The age of the pupae at irradiation was 
determined from this. A total of 3,500 flies was irradiated in groups of 25 larvae 
or pupae. 

The source of the ultraviolet radiation was a spiral quartz mercury resonance 
lamp, manufactured by the Hanovia Chemical Company, which emits about 80 per 
cent of its energy in the form of the 2537 A line. A 120 mA. luminous tube trans- 
former was usei The visible radiation was removed by a quartz filter cell con- 
taining a mixture of nickel sulfate and cobalt sulfate dissolved in distilled water 
(Backstrom, 1940), The lamp used had been burned well over 100 hours before 
the experiments began so the amount of radiation of wave-lengths shorter than 
2537 A should be negligible. The intensity of the irradiation was varied by alter- 
ing the distance between the lamp and the target. The intensity was measured by 
a Hanovia ultraviolet meter, the target of which was fastened to a carriage on an 
optical bench. The larvae or pupae to be irradiated were placed in a small un- 
covered Petri dish on this carriage. By moving the carriage back and forth, 
intensity measurements were taken before and after each irradiation and always 
checked very closely. 

The larvae to be irradiated were removed from the culture bottles, washed 
briefly in 70 per cent alcohol, rinsed in Ringer’s solution, dried on filter paper and 
placed in small, uncovered, dry Petri dishes. The larvae very shortly became stuck 
to the glass and showed no tendency to escape from the dish. After irradiation, 
the larvae were moistened with Ringer’s solution to free them and removed with a 
camel’s hair brush to shell vials containing culture medium to complete develop- 
ment This drying treatment had no deleterious effect on the larvae: several 
grou^ of larvae were handled in this way and dried 20 to 30 minutes without 
irradiation and all hatched out normally. 
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Results 

Larvae show a gradual increase in sensitivity to ultraviolet radiation with age 
from 50 to 100 hours after hatching to a maximum at one hour after pupation, then 
a sharp decrease in sensitivity with pupal age. The sensitivity of flies to ultra- 
violet at an intensity of 44 ergs per mm.^ per second for different durations of 
exposure, as measured by the percentages killed, is given in Figure 1. 



HOURS AFTER HATCHING HOURS AFTER PUPATION 
AGE AT IRRADIATION 


ERGS/MM.^ 
ERGS/ MM? 
ERGS/ MM? 
ERGS/ MM? 
ERGS/ MM? 
ERGS/ MM? 


Figure 1. Percentage of flies killed by different total dosages of irradiation at different ages 

given at 44 ergs/mm. Vsec. 


The percentage of flies showing phenocopies also varies with the age of the 
larva or pupa irradiated (Fig. 2). There seem to be two periods during the 
larval stage of greater phenocopy production for a given amount of radiation, one 
about 50 and one about 100 hours after the larvae hatch from the egg. The entire 
larval period from 40 to 100 hours after hatching is one of fairly high phenocopy 
production, higher than the first 24 hours of pupal life. Some pupae showed very 
high percentages of phenocopies, up to 400 per cent (400 phenocopies per 100 flies) , 
but this was caused by the fact that the pupae can withstand more energy for the 
production of phenocopies without being killed. The high percentages of pheno- 
copies were the result of irradiations with 13,200 or 26,400 ergs/mm.® Since these 
dosages killed 100 per cent of the flies irradiated at most of the ages used, no lines 
were drawn ior them on Figure 2. In 7- to 12-hour pupae, irradiations of 
3,960 ergs/mm.® gave 120 phenocopies per 100 flies, 13,200 ergs/mm.®, 200 pheno- 
copies per 100 flies, and 26,400 ergs/mm.^, 300 phenocopies per 100 flies. 

The phenocopies produced included abnormal abdomen, combgap legs, abnormal 
thora^c, small or rough eye, fused eye facets, folded, dumpy, curled or balloon wings, 
abnormalities in the wing veins, fused, singed or missing bristles and microchaetes. 
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doubled sex combs on a male prothoracic leg, and a shoulder-like protrusion grow- 
ing anteriorly from the mesothorax. 

The most numerous type of phenocopy produced was that involving an abnor- 
mality" in the abdomen, some deformity in or the complete absence of one or more 
tergites. These were produced by irradiating flies in any stage of development 
from 40-hour larvae to 24-hour pupae. Geigy (1931) produced similar pheno- 
copies by irradiating eggs % to 17^ hours old. (See Geigy for figures of the 
variations in phenotype produced.) Epsteins (1939) reported similar abnormali- 



Figube 2. Number of phenocopies per 100 flies produced by different total dosages of 
irradiation at different ages given at 44 ergs/mm. Vsec. 


ties produced by irradiations at times comparable to those used in this study. The 
large numbers of these resulting from irradiations during either the ^g, larval, 
or early pupal stage is probably due to the fact that the dorsal abdominal imaginal 
discs lie close to the dorsal surface and are more readily reached by the rays than 
are deeper-lying discs. Eloflf (1939) showed that ultraviolet light penetrates one 
thickness (about 10 microns) of Drosophila cuticle with only slight diminution of 
effect, but that four thicknesses screen out the effective rays. 

Abnormalities in the formation of the ’mesothorax and scuteUum occur after 
irradiation during the pupal period, especially between 7 to 12 and 12 to 24 hours 
after pupation. These include absence of the scutelltim, failure of the right and 
left dor^ mesothoradc discs to fuse, failure of one disc to unfold properly, etc., 
giving phenotypes similar to those of certain grades of tetraltera (see Villee, 1942, 
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for figures). The eye phenocopies, small, rough, or fused eye facets, also were 
obtained after irradiation in the pupal period, especially between 7 and 24 hours 
after pupation. One fly irradiated in this period showed large, swollen legs re- 
sembling the phenotype of combgap. The wing and bristle phenocopies were pro- 
duced primarily by irradiation in the pupal period, 7-24 hours after pupation. Re- 
duction of the microchaetes occurred only after irradiation in this period. An 
additional period in which both bristle and wing phenocopies were produced was 
between 80 and 90 hours of larval life. Dumpy wings were produced only by the 
irradiation of the pupae. 

The three stocks used in general responded similarly to irradiations of com- 
parable developmental stages. The single exception was aristapedia-Bridges, 
which frequently developed 2- to 4-segmented tarsi when irradiated as 80- or 
90-hour larvae or as 7- to 12-hour pupae. This same stock also develops very 
short, 1- to 4-segmented tarsi when treated with X-rays (Villee, 1946a), low 
temperature (Villee, 1943) or when combined with '^growth rate” genes (Villee, 
1945), although under normal conditions it always has normal 5-segmented tarsi 
(see Villee, 1946a for discussion). 

Only two phenocopies were found which resembled the pervasive effects of 
overgrowth or abnormal histogenesis found frequently with X-radiation of 70- to 
90-hour larvae (Waddington, 1942; Villee, 1946a). One wild type male irra- 
‘diated as a 3- to 7-hour pupa with a total of 5,280 ergs/mm.^ developed a second 
pair of sex combs on the second tarsal segment of the prothoracic leg, and re- 
sembled closely a phenotype obtained with X-radiation (Villee, 1946a, Fig. 8). 
One wild type female irradiated 100 hours after hatching from the egg, about 2 
hours before pupation, with 2,640 ergs/mm.* developed a small palp-like outgrowth 
from the anterior dorso-lateral margin of the thorax, apparently identical with 
those obtained with X-radiation (Villee, 1946a, Figs. 1-3). 

Irradiation of larvae with ultraviolet does not cause a retardation of pupation 
as X-radiation does. The larvae pupate in the normal time after ultraviolet treat- 
ment; X-radiation causes a retardation of pupation of 8 to 12 days beyond the 
time when controls pupate (Villee, 1946). With X-radiation there is also a 
marked difference in the results of irradiation of about the same dosage given at 
different intensities. A given dosage at high intensity causes a much higher 
lethality than a similar dosage at low intensity. With ultraviolet radiation, this 
difference is not found. A given dosage of ultraviolet light, whether given at 44, 
37, 27, 17.5, or 11 ergs/mm. Vsec., produces about the same percentage of lethality 
and of phenocopies. It may be that the range of ultraviolet intensities used was 
not great enough. There is only a factor of four between the lowest and highest 
intensities, whereas in the X-ray experiments the high intensity was 71 times the 
low intensity (5,540 vs, 78 r. units per minute) . However, Girlson and Hollaender 
(1944) found that the effects of 2537 A light on mitosis in grasshopper neuroblasts 
depend simply on the total dosage and not on the intensity even when it is varied 
by a factor of 1500. In a later paper (Carlson and Hollaender, 1945) they found 
that at low total dosages (57.6 ergs/mm.®) intensities varying from 0.004 to 16.3 
ergs/mm.Vsec. showed no significant differences in the effect on mitosis, but at 
high total doses (172.8 and 230.4 ergs/mm.®) treatments given at high intensity 
were slightly more effective in depressing mitosis than ones at low intensity. The 
dosages used in this study were higher than Carlson and Hollaender’s highest but 
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no intensity effect was observed. Bain and Rusch (1943) reported just the oppo- 
site conditions in the production of tumors in mice by ultraviolet radiation. They 
found ultraviolet of wave-lengths 2800—3400 A more effective in producing tumors 
when given at low intensities over long periods of time than when given at high 
intensities for short periods. They used much greater amounts of energy, 116- 
212 X 10® ergsy mm.% than used by Carlson and Hollaender in their experiments. 
The high intensity, 1.35 X 10'^ ergs/mm. yday, was about four times their low inten- 
sity, 0.35 X 10® ergs/mm. yday. 


Discussion 

The factors regulating the production of phenocopies by temperature treatments 
are: (1) the developmental stage at which the treatment is applied; (2) the ex- 
tensity (total time) of the treatment; (3) the intensity of the treatment; and (4) 
the genot}’^pe of the animals treated (Goldschmidt, 1929, 1935). With ultraviolet 
light, the important factors are the age of the fly at irradiation, the stock used, 
and the total dosage of irradiation. Within the range of intensities used in these 
experiments, variations in intensity had no effect in changing the percentage of 
leffiality or of phenocopies. The phenocopies produced may, in the main, ^be 
explained as due to the absorption of the light energy in individual cells or sniall 
groups of cells, probably by the nucleic acids, since 2537 A is close to the region in 
which they absorb maximally, 2600 A, Since both desoxyribose nucleic acid, 
located in the chromosomes, and ribose nucleic acid, located in the cytoplasm as 
well as in the chromosomes, absorb at the same wave-length, it is impossible to 
decide whether the phenocopy-producing reaction is localized in the nucleus, cyto- 
plasm, or in both. The fact that ultraviolet of 2537 A wave-length affects the 
chromosomes and retards mitosis in grasshopper neuroblasts (Carlson and Hol- 
laender, 1944) would suggest that the phenocopy effect is also mediated by the 
chromosomes. Hollaender, Greenstein, and Jenrette (1941) found that 2537 A 
radiation causes a depolymerization of sodium thymonucleate (desoxyribonucleate) 
in vitro. As a working hypothesis we may suppose that irradiation of Drosophila 
larvae or pupae with 2537 A is absorbed by nucleic acids or nucleoproteins in the 
chromosomes of the cells of the imaginal discs near the surface. The absorption 
of this energy results in a physical change, a depol 3 nnerization, of the nucleic acid 
with a consequent upset in the structure of the gene so that it is partially or com- 
pletely inactivated, with the result that development of that structure is abnormal. 
Since the inactivated genes are located in some body cell rather than a germ cell, 
a phenocopy rather than a mutation is produced. Future research may, of course, 
show that the phenocopy-producing mechanism is entirely different from that 
proposed here. 

Some of the phenocopies found in these experiments suggest that the cells of 
&e imaginal discs were killed, others suggest that certain genes were altered or 
inactivated, perhaps by the scheme outlined above. Only two of the phenocopies, 
a doubling of the sex combs on the male prothoracic leg, and a palp-like outgrowth 
from the anterior dorso-lateral margin of the thorax, eadi of which occurred only 
once in the course of the study, surest the pervasive effects of abnormal histo- 
g^esis found frequently with X-radiation. These have been explained (Wad- 
dington, 1942; Villee, 1946a) by assuming that the X-rays cause the death of cells 
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and that the dead or necrotic cells release diffusible morphogenetic substances 
which result in the abnormal histogenesis or overgrowth. The same ^planation 
may be applied to the abnormal histogeneses produced by ultraviolet radiation. 

The sensitive periods for certain of the phenocopies are slightly different from 
those found for X-rays or temperature treatments. It is rather difficult to coni- 
pare the work of different investigators, who use different stocks raised at different 
temperatures, but it would appear that the sensitive period for the production of 
dumpy wings by ultraviolet corresponds with that found by Blanc and Child 
(1940) for temperature treatments and that the larval sensitive period for bristle 
reduction by ultraviolet is identical with the temperature sensitive period deter- 
mined by Child (1935). In addition there is a sensitive period for bristle reduc- 
tion by ultraviolet in the pupal stage which was also found in X-radiation experi- 
ments (Waddington, 1942; Villee, 1946a). The sensitive period for the reduction 
of the size of the eye by ultraviolet is in the pupal period, 7-24 hours after pupation, 
whereas Goldschmidt (1935) found the temperature sensitive period to be in the 
larval period, at an age corresponding to approximately 90 hours after hatching 
from the egg. Abnormalities in the thorax appear after ultraviolet irradiation in 
the pupal period, 7-24 hours after pupation, but in the larval period at ages corre- 
sponding to 50-100 hours after hatcMng from the egg following X-radiation 
(Villee, 1946a) . The wing phenocopies produced by ultraviolet had two sensitive 
periods, one in the larval period about 80-90 hours after hatching from the egg, 
which corresponds to the temperature sensitive period (Goldschmidt, 1935) and 
an additional one in the pupal period not found with temperature treatments. 

The energy threshold for the production of phenocopies is slightly below the 
lowest total dosages, 330 and 440 ergs/ram.®, used in these experiments and varies 
with the age of the fly irradiated. At one hour after pupation, no phenocopies 
were produced by 440 ergs/mm.^ but the dosage caused a 50 per cent mortality 
among the pupae irradiated. At other ages, from 5 to 33 per cent phenocopies 
(i.e., 5 to 33 phenocopies per 100 flies) were obtained with this dosage. This 
threshold level is of the same order of magnitude as that found by Landen and 
Uber (1939) for the inactivation of yeast (500 ergs/mm.^ produced a 50 per cent 
inactivation) and by Giese (1946) for the production of abnormalities in devel- 
oping echinoderms by the irradiation of sperm before fertilization. He found the 
threshold level for the production of abnormalities in development by irradiating 
the eggs of these forms to be considerably higher, on the order of 5,000-8,000 
ergs/mm.® Carlson and Hollaender (1945) found a considerably lower threshold 
in the effects of ultraviolet on mitosis in grasshopper neuroblasts: about 100 
ergs/mm.* produce a reduction of the mitotic ratio to 0.5. Davis (1944) found 
that the energy required to inhibit the folding process in neural tube formation 
varied with the wave-length of the ultraviolet used and that about 200 ergs/mm.® 
produced the inhibition when ultraviolet of 2537 A was used. 

It is impossible to make an exact comparison between the actions of X-rays 
and ultraviolet rays per energy unit, first, because their modes of action are dif- 
ferent, and second, because only a small percentage of the X-rays are absorbed 
and become effective in the tissue irradiated, the rest pass through without affecting 
the cells, whereas ultraviolet rays are largely absorbed by tissues as thick bs a 
Drosophila larva or pupa. However, it is of interest to make a rough comparison 
between the experiments reported here and the previous study using X-rays 
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( Villee, 1946a) . It was found that the threshold for the production of phenocopies 
with X-rays was slightly below 1096 r. units. At that level from 0 to 40 per cent 
of the flies were killed and from 0 to 10 per cent showed phenocopies. This dosage 
D in roentgens may be converted to the density of absorbed energy, E, by the 
formula £ = 83 £) ergs cm.® (Cole, personal communication) to give 90,968 
ergs/cm,® The absorbed energy of die ultraviolet radiation, computed from the 
area and volume of the larva and the minimal threshold intensity of 440 ergs/mm.® 
and assuming total absorbtion by the organism, is 440,000 ergs/mm.® From this 
it can be seen that X-radiation is approximately five times as effective per energy 
unit as ultraviolet radiation of wave-length 2537 A in producing phenocopies. I 
want to thank Professor Kenneth S. Cole for his assistance in making these calcu- 
lations. 


Summary 

1. Drosophila larvae, prepupae and pupae of various ages and genot 3 rpes were 
irradiated with ultraviolet of wave-length 2537 A and in dosages varying from 
330 to 79,200 ergs/mm.® The phenocopies produced varied with the age of the 
irradiated fly, the stock used, and the total dosages of the irradiation. Irradiation 
with ultraviolet does not cause a retardation of pupation as X-radiation does. 

2. Larvae show a gradual increase in sensitivity to ultraviolet radiation with 
age from 50 to 100 hours after hatching from the egg to a maximum at one hour 
after pupation, then a sharp decrease in sensitivity with pupal age. There are two 
periods in the larv^al stage, one about 50 and one about 100 hours after hatching, 
of greater phenocopy production for a given amount of radiation. Irradiations 
during the first 24 hours of pupal life produce fewer phenocopies for a. given 
amount of radiation than during the larval period. 

3. The sensitive periods for the production of certain phenocopies by ultra- 
violet are compared with the sensitive periods for X-ray and temperature treat- 
ments. Some are identical, a few are different. 

4. Irradiations of the same total dosage produce the same percentages of 
lethalit}’ and of phenocopies whether given at high or low intensities. The threshold 
level for the production of phenocopies varies with the age of the fly irradiated but 
is about 440 ergS/ mm.® A comparison is made of this threshold with the thresholds 
for the effect of ultraviolet on other biological systems and with the effect of X-rays 
on phenocopy production in Drosophila, 

5. A h 3 rpothesis for the mechanism involved in the production of phenocopies 
by ultraviolet rays is discussed. 
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CYTOLOGICAL AND EXPERIMENTAL STUDIES ON THE OOCYTES 
OF FRESH WATER PULMONATES " 
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The organization of the ovum and the importance and relation of its inclusions 
such as yolk, oil, pigment, and other granules, to the ontogenic process are of 
considerable interest to embryologists. 

Early centrifugation experiments on the eggs of many invertebrates established 
the facts that distribution of the visible elements apparently has no direct causal 
relation to the cleavage pattern of the egg or the development of the adult, and 
that there must be some sort of formed or underlying ground substance which 
could be only slightly affected, if at all, by centrifugal force (Lillie, 1906, 1909 ; 
Morgan, 1908; Morgan and Spooner, 1909; Conklin, 1910). More recently Raven 
and Bretschneider (1942), as the result of experiments with the eggs of the pond 
snail, Lymnaea stagnalis, have questioned the premise that distribution of visible 
elements in the egg has no effect on the developmental pattern. However, they 
have been unable to cause any atypicalities in ontogeny attributable .to centrifuga- 
tion and stratification of these elements. 

Practically all of the centrifugation experiments directed at gaining informa- 
tion about the organization of the ovum or the role of the visible inclusions in 
development have been made on eggs already deposited, and, in many cases, 
already fertilized. Few, if any, have considered the egg from the point of view 
of its development prior to its release from the gonad, during the time when its 
organization might be considered in the ‘‘formative stage.” 

The present paper is a report of some cytological and experimental investiga- 
tion on the ovarian oocytes of two species of fresh water snails, Lymnaea stagnalis 
appressa Say and Physa gracilis. These species were chosen for investigation be- 
cause their eggs exhibit a spiral type of cleavage which is determinate. Hence, 
they may be said to be “restricted” at a very early stage in development. More- 
over, the potentialities of the deposited eggs of numerous species in the genera 
Physa and Lymnaea have already been thoroughly investigated and hence there has 
accumulated much information against which new research can be contrasted and 
properly evaluated. 

The cultures of Physa were obtained from laboratory stocks on Imnd at the 
Biological Laboratories of Harvard University, while those of Lymnaea were im- 
ported to the laboratories from Wisconsin. Both cultures were kept in laboratory 
aquaria where they reproduced readily without special culture techniques other 
tl^ those usually followed in maintaining balanced aquaria. 

^ The experimental work described herein was done at the Biological Laboratories, Harvard 
University, Cambridge, Mass. 

♦The writer T\dshes to express his sincere gratitude to Professor Leigh Hoadley for his 
kindness, generosity, and many helpful suggestions pertinent to the course of this work. 
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The body of the work may be divided into three parts. The first includes a 
cytological comparison of the developing ooc}i:es of Lyinnaea and PJiysa. The 
second deals with an analysis of the effects of centrifugation upon the ovarian 
ouc>te, and the third is concerned with a comparison of the effects of X-radiation 
on the two species. 

For all c>1:ological studies, unless otherwise indicated, Champy fixing fluid was 
used, followed by the Champy-Kull staining procedure. The gonads were excised 
and then fixed, since the size of the snails made it impractical to obtain good fixa- 
tion by immersion of the entire animal. Material was embedded in paraffin and 
sectioned at five microns. 


The Developing Oocyte 

As might be expected from the relative sizes of the two species, the gonad of 
L, stagnalis is considerably larger than that of P. gracilis. In both species, the 
hermaphroditic gland is found embedded in the liver on the hiner side of the coiled 
visceral '‘hump.’’ The organ is lobed and slightly more compact in its consistency 
than is the surrounding liver tissue. It may be found easily by tracing the promi- 
nent white and convoluted oviduct to the point where it appears to enter the body 
of the liver. This point marks the anterior aspect of the gonad. 

The superficial histological picture of the active ovotestis presented by the two 
species is essentially the same. In both one finds numerous tubules in which the 
growth and maturation of sperms and the development of oocytes goes on simul- 
taneously. The oocytes are situated along the walls of the tubules and may be 
identified quite early in development by their location and by their enlarged nuclei. 
At the earliest recognizable stage they measure about 10-15 jx in diameter, while 
at the time of release from the gland the diameter has increased to approximately 
130-140 fi. In spite of the difference in the size of the adults of the two species, 
the size of the ova is about the same. For an account of the general histolog}’ of 
the mature ovotestis, the reader is referred to the work of Crabb (1927) in which 
the species Lyinnaea stagnalis is treated at considerable length. The present report 
will present only sufficient descriptive background to clarify fully the position and 
relations of the specific regions of the gonad under consideration. 

With Champy-Kull fixation and stain, the ovarian ooc}tes of both Lymnaca 
and Physa show evidences of a clearly marked polar differentiation by the time 
they have reached one-third of their maximum size. The germinal vesicle is dis- 
placed slightly toward one pole of the cell and a center of accumulation of droplets 
or granules which are blackened by osmic acid is present in the region of the 
opposite pole. Yolk\^ granules which stain red fill the cell completely and obscure 
details of any other cytoplasmic inclusions which might be present. The yolk 
granules show a slight gradation along the axis of polar differentiation, being a 
little finer in the region of the genninal \’-esicle and coarser at the opposite end of 
the cell (Plate I A and B; Fig. 1.^4). A detailed study of the morphological evi- 
dences of the polarity reveals certain differences in Physa and Lymnaea which 
are expressed through the movements of the osmiophilic inclusions during the 
development of the oocyte. 

In Lymnaca, these black droplets appear first when the egg is about 25 /x in 
diameter. They arise in the vegetative region and remain there until after the 
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releabe or the onc\te. Ab the o<>c}te increabcs in size, the number of the glo])uleb 
m the ma^s inci eases until the 'vegetal pole becomes literal!} packed with them 
I Fig. IBj. Following shedding of the ooc}te, the osmiophilic inclusions spread 
out from their massed apolar position and invade the region of the red-staining 
\nlk\ granules, with the result that the visible polarity begins to be obscured 
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Plate I. Photomicrographs of ooc>tes within their envelopes in the hermaphroditic gland 
A and B, Lymiiaea, C, Physa (X approximately SCO) 

(Fig. 1C). This migration starts before any signs of breakdown appear within 
the germinal vesicle, and processes more rapidly in the subcortical portion of the 
cell. With Giampy-Kull stain it is diffiailt to detennine whether this migration 
is the result of factors instigated solely within the obcj-te, or whether it is the 
result of an activation caused by fertilization. The work of Crabb (1927) on 
Lymnaca argues strongly for the latter explanation. But regardless of the cause 
of its origin, it is to be stressed that the pattern of migration is constant for all 
oocj-tes, and the osmiophilic material always has the same distribution in oocytes 
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at comparable stages of development. By the time the maturation process has 
begun and the nucleus is no longer intact or visible the osmiophilic mass appears 
equally distributed throughout the cell (Fig. ID). 



Figure 1. Sketches based on camera lucida tracings to show distribution of osmiophilic 
material during the course of development of the oocyte of Lymnaea. A and ovarian 
oocytes; C, oocyte at the time of release from surrounding envelope; D, oocyte in tubule of 
gonad just after breakdown of germinal vesicle. 

In Physa the darkened globules appear first when the oocyte is about 25-30 ft 
in diameter. Though there is some accumulation of these globules in the vegeta- 
tive pole of the cell the massing is by no means as pronounced as in Lymnaea 
(Plate 1C ; Fig. 2A), Instead, one notes the beginning of a migration of ostnio- 
philic material from the vegetative pole toward the animal pole even in the smaller 
oocytes. As the oocyte enlarges in its envelope the spread becomes more and more 
pronounced, while the massing in the vegetal pole is less pronounced. By the 
time the cell has attained three-fourths of its growth, the distribution of the osmio- 
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philic material is directly comparable with that of the released or shed oocyte of 
Lvmnaea (Fig. 2B ). 

' Following the release of the oocyte of Physa from the gland the polanty as 
marked by the osmiophilic globules is obscured and there is a uniform distribution 
of the blackened material throughout the cell (Fig. 2C). The germinal vesicle is 
still intact at this stage, and no signs of the beginning of the maturation process 
have appeared. In this respect the behavior of the dark globules differs strikingly 
from that observed in Lymnaea, where universal and even distribution is not 
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Figure 2. Sketches based on camera lucida tracings to show distribution of osmiophilic 
material during the course of development of the oocyte of Physa, A, ovarian oocj^e; B, 
ovarian oocyte about % developed. Compare with Figure IC. C, oocyte at the time of release 
from its envelope. Note the uniform distribution of osmiophilic material, and the fact that the 
germinal vesicle is still intact. 

achieved until after the breakdown of the germinal vesicle. Thus the underlying 
system in Ly^nmea appears more “rigid” in its composition, and though the evi- 
dence is indirect, one may speculate on the possibility that the ground substance 
in the oocyte of Physa at the time of its release is in a more fluid physical state 
than that of Lymnaea. 

No other obvious differences between species were noted, nor could other 
indications of the nature of the underlying cytoplasmic patterns be found. In an 
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effort to throw more light in thib direction, living snails containing oocytes were 
subjected to centrifugal force so as to displace the visible inclusions of the oocytes 
and so further test their organization. 

Single snails were placed on non-absorbent cotton in individual centrifuge 
tubes ; the tubes were filled with water ; and the snails centrifuged at approximately 
1400 X G for thirty minutes. Care was always taken to select snails which were 
lading prolifically at the time of centrifugation. Of the thirty-six individuals of 
each species which were centrifuged, twelve were isolated in individual small-sized 
bowls and retained for subsequent study. The twenty-four remaining specimens 
were divided into six lots of four each, one of which was sacrificed immediately after 
cetitrifugation, and the remainder at internals of Yo hour, 1 hour, 6 hours, 12 hours, 
and 24 hours respectively, after centrifugation. Upon excision, the gonads were 
fixed immediately in Champy’s fluid. They were subsequently embedded in paraf- 
fin. sectioned, and stained after the Champy-Kull method. The oocytes in these 
preparations were then compared with each other and with those of the other lots. 

Lymnae 

In the sections of gonads fixed immediately after centrifugation, tlie contents 
of the oiicytes are stratified into three zones; one of which is centrifugal and red 
(yolky), one of which is almost equatorial, relatively clear and faintly pink or 



Plate II. Photomicrographs of oocytes fixed immediately after centrifugation. Lymnaca; 

B, Physa (X approximately 450) 

colorless (cytoplasm, or hyaloplasm), and one of which is centripetal and black 
(oil, blackened by osmic acid, and undoubtedly the great mass of the “osniiophilic 
material” referred to in the previous section). These three zones correspond, no 
doubt, to those described by Conklin (1910) in eggs of Lymmea and Physa which 
were centrifuged after fertilization and deposition. 

The nucleus in all cases lies in the clear or unstained zone, and, when com- 
pared with the controls, shows little indication of any displacement. The nucleoli 
in a great number of cells have been displaced centrifugally in the nucleus, though 
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this is not always the case. Not all of the yolky material within the oocyte is 
massed at the centrifugal pole ; some is usually found trapped on the centripetal 
side of the nucleus where it projects into the dark osmiophilic cap (Plate llA ; 
Fig. 3A). 



Figure 3. Sketches based on camera lucida tracings of oocytes of Lymnaea fixed at dif- 
ferent intervals following centrifugation. A, immediately after centrifugation, showing distinct 
layering into a black centripetal zone, clear central zone, and granular yolky zone. Granular 
area above germinal vesicle represents yolk ^‘trapped” at centripetal end of cell. B, oocyte fixed 
one-half hour following centrifugation; C, cell fixed one hour after centrifugation; D, oocyte 
from preparation fixed six hours after centrifugation. Compare with Figure lA and B, 
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Since the ovotestis is composed of convoluted tubules or acini, and the oocytes 
are located in the walls of these acini, the orientation of the o6c}i:es with regard 
to the direction of centrifugal force varies. Stratification bears no relation to 
previous distribution of materials or visibly expressed polarity. This is the natural 
expectation based on the results of Conklin, previously mentioned. 

The oocytes in gonads fixed one-half hour after centrifugation already show a 
breakdown in the stratification. The “clear” hyaloplasmic area is invaded by the 
yolk, leaving only two of the former zones visible. The osmiophilic centripetal 
masses are migrating in small loose clumps from the area of former concentration, 
that material now being restricted to the inner cortical and subcortical regions of 
the cell. In the outer cortical portion between the remainder of the centripetally 
massed dark material and the egg surface a thin, nearly clear zone is now visible 
which extends over the oocjte from the centripetal pole to a point somewhat below 
the middle. This zone is found one-half hour after centrifuging but is not apparent 
in preparations fixed immediatelv after centrifuging, when stratification is complete 
(Fig.3B). 

One hour after centrifugation the outer cortical clear zone has disappeared 
and the concentration of the osmiophilic substance has become diffused. Small 
clumps of the droplets are making their way back to their original position near the 
vegetative pole. The return path is not directly through c\i:oplasm and yolky 
materials but for the most part lies in the peripheral layers of the oocyte. This 
phenomenon recalls the work of Lillie (1909) in which a denser '‘spong}"” cyto- 
plasmic core, evidently a part of the ground substance, was demonstrated in the 
unfertilized eggs of Cliaetoptcrus. This center dense area is probably also in part 
responsible for the “trapping*’ of some yolky granules at the centripetal end of 
the oocyte as described above. 

At this stage, the yolk>’ granules are unifonnly distributed throughout the egg. 
The position of the nucleus has not changed, though those nucleoli which were 
displaced have left the centrifugal pole of the nucleus and have regained their more 
central location (Fig. 3C). 

By the end of the sixth hour following centrifugation the oocyte has, in most 
respects, regained its typical appearance. One or tw'o isolated clumps of osmio- 
philic material may still be seen in the course of migration to the vegetative pole, 
but there are no other indications that the components of the cell have been dis- 
placed (Fig. 3Z)). By the twelfth hour all of the oocytes have reassumed the 
appearance presented prior to stratification, so that it is impossible to distinguish 
the centrifuged ovotestis from that of the controls. The same is true for the 
gonads fixed after twenty-four hours. 


Physa 

The ovarian ooc3rtes of Physa fixed immediately after centrifugation show four 
zones. As in Lymnaea, there is a concentration of darkened osmiophilic sub- 
stance at the centripetal pole, a clear band containing the nucleus, and a heavy red, 
yolky area occupying the greater part of the centrifugal hemisphere of the cell. In 
addition there may be found a fourth zone which is located at the extreme cen- 
trifugal pole. This appears as a small unstained area. In all probability it repre- 
sents yolky or pigment material which does not react with the Champy-Kull stain. 
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and which does not separate out under the same centrifugal force in Lymnaea. 
Its position at the centrifugal pole would indicate that it is composed of the densest 
inclusions of the odcj-te (Plate IIP; Fig. 4*J). In general there is less inter- 
ference with the migration of materials by the germinal vesicle in Physa than in 
Lymnaea, and when “trapping” of materials does occur, the obstructed mass is 
always smaller than that found in Lymnaea. 



Figure 4. Sketches based on camera lucida tracings of oocytes of Physa fixed at different 
intervals following centrifugation. A, immediately following centrifugation; the centripetal 
pole (black) oriented toward the head of the page, and the small centrifugal band (probably 
pigment) oriented toward the foot of the page. B, one-half hour following centrifugation ; C, 
one hour following centrifugation ; D, six hours following centrifugation. Compare with Figure 
2A and B. 


One-half hour after centrifugation, the materials in the oocyte of Physa are 
fairly well redistributed. The broad, clear, hyaloplasmic band h^ completely dis- 
appeared; the osmiophilic concentration is rapidly breaking up into fragments 
which are migrating relatively freely through the cell. There is no evidence of the 
restricted subcortical migration noted in Lymnaea, The clear zone at the cen- 
trifugal pole has maintained itself, though it is, on the average, smaller (Fig. 4B), 




STUDIES ON THE OOCYTES OF FRESH WATER PULMONATES 


19 


One hour after centrifugation the dissociation of the clumped masses of black- 
ened material is nearly complete. A small area is still to be found near what was 
the centripetal pole, but no other concentrations of osmiophilic material are visible. 
There is no return of the darkened substance to its previous location near the 
vegetative pole as in Lymnaea but instead these granules or droplets show a 
uniform distribution throughout the cytoplasm. The clear unstained mass at the 
centrifugal pole of the o 6 c 3 d:e has become definitely smaller and less distinct (Fig. 
4C). 

After six hours the o 6 c 3 rtes of Physa show no evidence of the previous strati- 
fication. The materials have been uniformly redistributed and the visible animal- 
vegetal differentiation which characterized the oocytes prior to centrifugation has 
been eradicated. It is not regained in the oocytes of the gonads preserved twelve 
and twenty-four hours after centrifugation (Fig. 4D). 

The eggs of both species laid by the snails isolated after centrifuging were all 
collected, and their subsequent development was observed over a period of four 
weeks. In no case was any atypical cleavage or development found ; nor did young 
snails on hatching show any differences in body symmetry from that observed in 
the normal animal. 

On the basis of the above observations, it is possible to draw certain conclu- 
sions concerning the oocytes of Physa and Lymmea. We have seen first that the 
visible materials may be displaced without altering the developmental plan of the 
eggs. Second, the materials after being stratified, are redistributed rapidly and 
in the same sequence for each species. Hence we may postulate that some more 
basic organization or ground substance is present in the o 6 c 3 rte, as in the deposited 
egg. 

The variance in the manner of redistribution of materials in the two species 
strengthens the previous suggestion made on the basis of cytological observations 
of the normal o 6 c 3 ^e, that the physical state of this ground substance differs in the 
two species. That in Lyimiaea definitely seems more fixed and not as fluid as 
that in Physa. The ‘‘trapping” of relatively large masses of yolk behind the 
nucleus, the clearly defined peripheral path of migration of the osmiophilic material, 
the exact reconstruction of the picture found prior to centrifugation, all point to 
this fact. Physa not only shows none of these phenomena diaracteristic of 
Lymnaea but under equal centrifugal force the materials of the oocyte stratify into 
four zones instead of three, the densest inclusions separating out below the yolk 
in the centrifugal pole. Thus evidently, migration and separation is easier through 
the ground substance of Physa than of Lymnaea. 

Studies With X-rays 

The constancy of the developmental pattern resident in the the ground sub- 
stance of the oocyte was next tested by exposure of adult snails, and hence their 
oocytes to X-rays. 

The snails were placed in small, flat, glass containers and submitted to X-radia- 
tion at dosages of 200 r., 500 r., and 1000 r.® Fifteen individuals of each species 

2 In all runs reported, the X-rays were produced by a Coolidge type tube, having a water- 
cooled tungsten target Dosage was continuous, and was administered at an approximately 
constant rate of 200 r. per minute. 
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were exposed at each value and were then isolated and observed at intervals. All 
egg capsules deposited after exposure to radiation were collected, placed in indi- 
vidual containers of pond water, and observed regularly throughout their subsequent 
development. 

At 200 r. no effect of radiation was evident, either in the behavior of the adult 
snails or in the development of the eggs recovered. This was the case in both 
Physa and Lymnaea. 

At 500 r. all of the individuals of Lyimiaea exhibited a noticeable delay before 
any capsules of eggs were deposited. No eggs were recovered in any case prior 
to the fourth day after exposure. This was not true for Physa where capsules 
were recovered as early as twenty-four hours after the radiation of the adult snails. 

In both Physa and Lymnaea the usual number of eggs in each capsule initiated 
development, though there was some increase in the number of eggs which did not 
complete their full development. The defects in development appeared usually 
after gastrulation, about the time of trochophore formation or immediately after. 
As in the 200 r. group, all snails which hatched were phenotypically similar to the 
parents. 

At values of 1000 r. no egg capsules were recovered from either species. 

The above results parallel, to a large extent, observations of Dr. E. V. Enzmann 
(unpublished). In (Hscussions of his X-ray studies on Planorhis frivolis, he re- 
ported no success in efforts to cause monsters or reversals in this species. He was 
unable to find any aberration in early cleavage or in the final body plan of the 
adult snail, even though he was able to recover eggs from snails subjected to higher 
dosages than 1000 r. 

It would therefore appear that the ground substance of the oocyte, unless the 
cell is actually destroyed by X-radiation, is not affected adversely by it, at least in 
terms of the fundamental factors necessary to institute cleavage and development 
through gastrulation. 


Discussion 

A consideration of the results presented here in the light of reports by previous 
workers will readily bring out certain points worthy of special mention. 

In the first place, the contention of Raven and Bretschneider (1942) that the 
visible elements of the egg are of far greater importance to ontogeny than had been 
previously thought, would seem to be strengthened. The shifting of the osmio- 
philic materials in the o 6 c 3 ^es of Physa and Lymnaea not only after centrifugation 
but also in the normal development fits in with Raven’s view that inclusions shift 
considerably during development, and that their presence or absence in given 
regions of the egg or developing embryo is of primary importance. It may be 
pointed out again, that the shift of the osmiophilic inclusions is always the same in 
the oocytes of the same species, while differing between species. This fact may 
well be tied in with the apparent differences in viscosity of the ground substance 
of the two species and is even more interesting when one considers that the cleavage 
pattern also differs, lhat of Lymnaea being dexitropic, while that of Physa is 
Hotropic. 

In continuing a comparison of results with those of previous workers, we find 
aotne disagreement in the section dealing with centrifugation. Conklin (1910) 
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and his contemporaries report that following centrifugation the eggs of fresh water 
snails and other invertebrates stratify into three zones; and oily centripetal, a 
clear hyaloplasmic, and a centrifugal yolk}’ zone. Raven and Bretschneider, in 
contrast, report in Lymuaea a fourth zone (in their work the third zone) composed 
of mitochondria, or “a granules,” glycogen, and other inclusions, interposed be- 
tween the clear zone and the centrifugal 5 ’olk\’ zone. 

The present report is in general agreement with Conklin and disagreement with 
Raven and Bretschneider. True, in PJiysa a fourth zone, not reported by Conklin, 
was found at the extreme centrifugal pole, but this is not of especial note since in 
these studies the oocytes were subjected to far greater centrifugal force than was 
used by Conklin. Hence some additional separation of pigment or other denser 
inclusions from the yolk might normally be expected. However in Lymnaea no 
trace of Raven and Bretschneider’s ‘‘fourth zone” between the clear and yolky 
l)ands could be found. This may be due in part to the fact that these workers in 
turn used somewhat higher values of centrifugal force than did the present writer. 
On the other hand, Raven himself reports that in certain of his preparations fixed 
in Champy fluid the “a granules” cannot be made out. This may rationalize the 
difference, since all of the preparations used in the present study were Champy 
fixed. Thus it is possible that the “fourth zone” was present but did not show up. 

Why Champy fixation does not demonstrate this zone is an interesting cytological 
question. The works of Har\’'ey ( 1936, 1938) using the eggs of echinoderms and 
of Clement (1938) using eggs of Physa certainly contribute good evidence in behalf 
of Raven’s suggestion that such a zone should be largely made up of mitochondria. 
But a Champy-Kull stain following Champy fixation should demonstrate mito- 
chondria. Raven and Bretschneider can offer no explanation for the discrepancy, 
nor is it possible for the present writer to do so on the basis of this study. 

Beyond this difference the results of the sections on centrifugation and X- 
radiation follow closely the findings of former workers, which demonstrated that 
the underlying pattern of the deposited egg cannot be altered by centrifugation or 
similar forces. In this respect the ovarian oocyte is evidently no different. 

Summary and Conclusions 

The developing oocytes of two species of fresh water snails, Lymnaea stagnalis 
and Physa gracilis, are studied c^tologically and experimentally through the use 
of X-radiation and centrifugal force. As a result of the c}i;ological studies, certain 
differences in the pattern of distribution of visible inclusions are pointed out. 
These are specific and constant within each species, but differ between species. 

The constancy of pattern within the o”\’arian oocytes was tested in both species 
by centrifuging entire snails. Displacement and stratification of the visible cellular 
inclusions in the oocytes was produced, but no aberrations in subsequent develop- 
ment resulted. It is concluded that a fundamental ground substance is present in 
the oocyte which is not affected by the stratification of visible inclusions. The 
* manner in which the inclusions migrated from their artificially induced stratified 
locations was observed, and it is postulated that the ground substance of the oocyte 
of Physa is in a more fluid physical state than that of Lymnaea. 

Further tests on the constancy of pattern were made by exposure of snails of 
each species to varying dosages of X-radiation and study of the development of 
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eggs laid by them subsequently. It was found that as dosage increased there was 
a decrease in the number of eggs which were able to complete their embryonic de- 
velopment. No decrease was noticed, however, in the number of eggs which were 
able to initiate their development. It is concluded that the c}i:oplasmic pattern or 
ground substance inherent in the oocyte is unaffected by X-radiation of dosage 
values below killing intensity. 
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THE RELATION OF BLOOD OXYGEN TRANSPORT TO RESISTANCE 
TO ANOXIA IN CHICKS AND DUCKLINGS " 
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University of Arkansas, Little Rock, Arkansas 

The relatively greater resistance of the new-born and young animals to complete 
anoxia in comparison with that of the adult animal has been studied by Himwich 
et al. (1941) who have advanced the hypothesis that differences in the aerobic and 
anaerobic energy release in the young and adult brains are the probable cause of 
the differences in resistance to anoxia. The newborn and young of many species 
of animals have been exposed to 100 per cent No, He, and CO 2 and have proved 
to be remarkably resistant to complete anoxia in comparison to older individuals 
of the same species (Fazekas et al., 1941). Since there is a total lack of oxygen 
in the hlood stream under conditions of total anoxia and since the brain is the 
organ most susceptible to anoxia the oxygen requirement of the brain of newborn 
and young animals has been studied in comparison to the energy requirement of 
the brain of older animals of the same species in order to find some possible basis 
for the greater resistance of the young and newborn to anoxia. Himwich et al. 
(1941) and Chesler and Himwich (1944) have demonstrated that the anaerobic 
energy release in the brain of the newborn is relatively greater, in proportion to 
the total energy requirement of the brain, than in older individuals of the same 
species. After birth there is a rapid increase in energy requirement as measured 
by the amount of respiration carried on in the brain (Tyler and von Harreveld 
1942). This increase is met, chiefly, by increase in the aerobic energy release. 
In the newborn the total energy requirement is low and a relatively larger propor- 
tion of the requirement is met by anaerobic energy release. The survival of the 
newborn and young under conditions of total anoxia is adequately explained on 
the basis of the relatively great anaerobic energy release in the brain of the young 
and newborn compared to the total energy required by the brain at this stage of 
development to maintain the functional integrity of the organism. 

Although Quastel and Wheatley (1932) demonstrated differences in the en- 
ergy requirement of surviving brain slices of cat and rat brains — ^the rat brain had 
a higher energy requirement as evidenced by greater oxygen consumption of sur- 
viving brain slices — ^the possibility remains that in the adult animal spedes diflEer- 
ences in survival at high altitude under conditions of incomplete anoxia may be 
explained, in part, on several bases beside differences in brain metabolism. One 
of these factors is diflEerences in oxygen transport by the blood. 

1 This workswas supported by a grant from the John and Mary R. Markle Foundation to 
the Pathology Department The anti-coagulant used in these experiments was “Lequaemin” 
supplied by Roche-Organon Inc., Nutley, New Jersey. Some of tiie chicks used in these ex- 
periments were given to the University of Arkansas by the Arkansas Hatchery, Little Rock, 
Arkansas. Research paper 595, Journal Series, University of Arkansas. 

♦ Now at Department of Physiology, Indiana University, Bloomington. 
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Rostorfer and Rigdon (1945 ) were able to show that malarial infection greatly 
reduced survival time of ducks and chicks at simulated high altitude. The effect 
of a severe malaria infection on the survival time was marked by the third day 
after the birds had been inoculated with the malarial organism. At this time there 
was only a small percentage of red cells infected, but a shift in acid-base balance 
and a reduction in the oxygen carrying capacity were developing. In the study 
of the effect of malaria on survival of birds at high altitude a specific difference in 
resistance to high altitude anoxia between ducks and chicks was reported. This 
difference in resistance was still evident on the third day after inoculation with 
malaria, although there was decreased resistance in each case. 

These, earlier experiments suggested to the authors that specific blood differ- 
ences might be related to the specific resistance to anoxia in the case of young 
ducks and chicks. Accordingly, a study was made of the oxygen capacities, the 
oxygen dissociation curves, the amounts of hemoglobin present in blood of young 
and adult ducks and chickens in relation to their resistance to anoxic anoxia. 

Materials and Methods 

White Pekin ducks and chicks of mixed breed, obtained from a commercial 
hatchery, between 3 and 21 days old were subjected to continuous decompression 
until convulsions and death occurred in a decompression chamber as previously 
described by Rostorfer and Rigdon (1945). Five to ten birds of the same age 
and species were observed during one decompression. In all experiments the rate 
of decompression was approximately the same with only a slight variation. The 
rate during the first four minutes of simulated ascent was between 1,700 and 1,800 
feet per minute, between 700 and 900 feet per minute during the next 15 minutes, 
and 400 feet per minute during the next 40 minutes. After reaching a simulated 
altitude of 38,000 feet the rate of climb was such that during the next 12 minutes 
the altitude increased to only 40,000 feet. The altitude was recorded every 4 
minutes during the decompression. These data were plotted against time and the 
total area under the resulting curve up to the time of death of the bird was calcu- 
late for each bird. The total area under the curve may be taken to represent the 
resistance of the bird to anoxia. The unit of resistance was expressed as the alti- 
tude in feet times the duration in minutes and was expressed as foot-altitude minutes. 

Ducklings and chicks in groups of 7 to 12 individuals the same age were placed 
in the tank and decompressed until they were dead in the manner described. The 
ages of the various groups were 3, 6, 10, 15, and 20 days old. The average re- 
sistance to incomplete anoxia at simulated high altitude was obtained by analysis 
of data found by decompressing several age-groups of birds of each species. The 
number of birds in each separate decompression was detennined by the size of the 
individuals. 

^ Blood samples were obtained by heart puncture from 3 to 4 ducks or 6 to 12 
chicks of the same ^e and pooled. Coagulation was prevented by adding 1 ml. 
of a 1 per cent solution of the sodium salt of heparin to each 9 ml. of blood. All 
red cell counts and hemoglobin and gas analyses were carried out on the pooled 
samples. 

Oxygen ca.pacities were determined by analysis of blood equilibrated in Barcroft 
tonometers with air at 38° C. Analyses were made by means of the Van Slyke 
manometric apparatus. 
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Oxygen dissociation curves were calculated for the pooled samples by equi- 
librating blood at a constant CO, tension of 31 mm. Hg and at varying oxygen 
tensions. Three gas mixtures were used containing 3.4, 7.44, and 11.86 per cent 
oxygen which corresponded to oxygen tensions of 24 zb 0.5, 53 zb 0.5, and 83 zb 0.5 
mm. Hg, respectively. Analyses carried out on blood equilibrated at these three 
oxygen tensions gave data from which the oxygen dissociation curves were calcu- 
lated by the use of the formula y = * when the oxygen capacity of the 

blood was known (Hill, 1910) . 

Hemoglobin determinations were made on each pooled sample by the use of 
the Schulte and Elvehjem (1934) colorimetric method. Hemoglobin was deter- 
mined, also, by calculation from the oxygen capacity. These data indicate the 
amount of functional hemoglobin. 

Cell counts were made in the usual manner on the pooled blood and the color 
indices were calculated by dividing the grams of hemoglobin calculated from the 
oxygen capacity by the total red cell counts. 

Results 

In order to deteniiine the specific resistance of young and adult ducks and 
chickens to the incomplete anoxia produced at simulated high altitude a series of 
decompression experiments were carried out in the manner described. The data 
represented by Figure 1 show the decreasing resistance to anoxia with increasing 
age. The three-day old birds of both species had the greatest resistance. There 
appeared to be no change in resistance between the 15- and 20-day old birds in 
either species. There was, however, definitely greater resistance in the duck than 
in the chick at all ages compared. Adult birds were not studied but there are 
reasons to assume that the adult duck would be more resistant to anoxia than the 
adult chicken. 

These data indicate that the newly hatched and young birds of the same species 
are more resistant to incomplete anoxia produced at simulated altitude. This cor- 
responds to the resistance of young and newborn matnmals studied by Himwich 
and others. The data indicate, also, a specific difference in resistance to incomplete 
anoxia between ducks and chicks. Ducks 20 days old decompressed in the usual 
manner succumbed at altitudes between 34,000 and 36,000 feet, while chicks 20 
days old were all dead at 27,000 feet when the decompression was at the same rate 
as that for the ducks. 

There is little doubt that specific differences in oxygen capacity and color index 
exist among animals. This difference might possibly bear some relation to re- 
sistance to anoxia. The oxygen capacities and color indices were determined for 
all blood samples. Determination of oxygen capacities of duck and chick blood 
revealed that the duck blood had considerably greater oxygen capacity. Dude 
blood from 20-day old birds had an average oxygen capacity of 12.27 volumes per 
cent. Qiick blood from birds the same age averaged only 10.47 volumes per cent. 

The color indices of the 20-day old duck varied around 3.6 X 10"^^. Rostorfer 
and Rigdon (1946) found that the color indices gradually increased with age of 
the young ducks. The color index of chicken blood is approximately 3.1 X 10~^^ 
and there seemed to be no increase in the color index with age as in the duck. The 
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color index of blood taken from the adult chicken was 3.3 X 10"^^. There was an 
appreciable difference in total red cell counts between the duck blood and the chick 
blood. The average count for the pooled blood of the chick was 2.2 million and 
the average count of the pooled blood of the duck was 2.6 million per cubic milli- 
meter. 

The chick blood in comparison to the duck blood had fewer red cells, decreased 
color index, and lower oxygen capacity. 



Figure 1 is a graphic representation of the data on the study of relative resistance of chicks 
and ducks to simulated altitude. Resistance is expressed in feet of altitude times the duration 
at altitude in minutes. Each age group represents the average data of 10 to 20 ducks or chicks. 


A considerable difference between the amount of hemoglobin determined colori- 
metrically and that calculated from the oxygen capacity was found for young and 
adult ducks by Rostorfer and Rigdon (1946). A similar study was carried out 
on young and adult chicks. The comparison is made in Figure 2 which represents 
the relationship between the amount of hemoglobin determined colorimetrically and 
the amount of hemoglobin calculated from the oxygen capacity. The linear ex- 
pression was obtained by determining the amount of hemoglobin colorimetrically 
and by calculation from the oxygen capacity of a diluted, a normal, and a concen- 
trated sample of the same pooled blood. Cell counts of the three samples, dilute, 
normal, and concentrated, were made and the color index of each determined! 
i here was ustmlly close agreement betw^een the color indices of the three samples. 
The young chicks and ducks carry less oxygen per gram of hemoglobin than the 
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adults based on the colorimetric hemoglobin. There was a slower shift toward the 
adult relationship with increasing age in the duck than in the chick. Thirly-day 
old chicks were found to have hemoglobin which corresponded to that found in the 
hen. The linear relation between oxygen capacity and the acid hematin of the 
adult chicken blood was the same as thst of the young duck. 



ACID HEMATIN 

Figure 2 is a graphic representation of the relationship of the amounts of hemoglobin calcu- 
lated from the oxygen capacity in comparison to the amount of hemoglobin determined by 
photo-electric colorimetry in the blood of young (A) and adult (F) domestic ducks and chickens. 

The equilibrium betw^een hemoglobin of bird blood and oxygen at various oxygen 
tensions has been investigated by Wastl and Leiner (1931) whose work indicated 
that blood of the duck and of the pigeon does not have typical oxygen dissociation 
curves. Redfield (1933) points out that such curves for blood containing hemo- 
globin had not been described previously but w'^ere characteristic of the blood of 
invertebrates. Christensen and Dill (1935) were not able to confirm the work 
of Wastl and Leiner, but found that the blood of ducks and other birds developed 
equilibria between hemoglobin and oxygen in the classical manner except at very 
low oxygen tensions. This discrepancy they attributed to a systematic error of 
equilibration. Rostorfer and Rigdon (1946) found considerable difference be- 
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tween the dissociation curves for young and adult ducks. The blood of the adult 
birds gave a tj’pical sigmoid curve while that of the young ducklings had a greater 
oxygen uptake at lower oxygen tensions than would be indicated by calculation 
from points of equilibrium at higher oxygen tensions. However, the deviation 
was slight. 

Bloods of young and adult chickens were investigated in similar manner. Fig- 
ure 3 compares the oxygen dissociation curves of adult ducks and chickens. There 
was a considerable difference between the oxygen uptake of the blood of the 



Figure 3 compares the oxygen dissociation curves for the adult duck and chicken at a COj 

tension of 31 mm. Hg, 

adult duck and the adult chicken at various oxygen tensions. The adult duck 
blood had about the same percentage of saturation at ordinary oxygen tensions 
but was capable of carr>dng a larger amount of oxygen than chick blood at low 
oxygen tensions. 

Figure 4 compares the dissociation curves of the blood of die adult and of the 
young chicken. Although the curve for the blood of the young chick represents 
the data obtained from one sample of pooled blood only, it is reasonable to assume 
that it is representative. In general, the blood of the young chick appeared to 
have a greater percentage of saturation at all levels of oxygen tension than the 
blood of the adult chicken. In contrast to the blood of the adult duck, the blood 
of the young chick had a higher percentage of oxygen saturation at higher oxygen 
tens ons but a slightly lower per cent of saturation at low oxygen tensions. 

In general, the blood of the duck in comparison to chicken blood had greater 
oxygen capacity, contained more functional hemoglobin, and showed less dis- 
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crepancy between the colorimetric hemoglobin and the hemoglobin calculated to be 
present from the oxygen capacity. Duck blood had a larger number of cells and 
a higher color index than chicken blood. The chemical beharior of duck blood 
in comparison to chicken blood, as regards the oxygen dissociation curves, indi- 
cated that the duck blood would be more efficient in the transport of oxygen under 
conditions of incomplete anoxia. The blood of the duck in comparison to that 
of the chick would appear to be more capable of maintaining the brain and other 
vital organs in a viable condition for a longer time under conditions of simulated 
high altitude and resulting anoxia. 



Figure 4 compares the oxygen dissociation curves of young and adult chicken blood at a COa 

tension of 31 mm. Hg. 

It is not unreasonable to assume that some of the difference in specific resistance 
to anoxia of the duck and the chick is caused by the greater efficiency of the blood 
of the duck at low oxygen tensions. However, a study of the anaerobic and 
aerobic energy release compared to the total energy requirement of the brain of 
the two species in question has not been made as yet. One might well assume 
that there are specific differences in brain metabolism. 

Summary 

A study of the resistance of ducks and chicks to incomplete anoxia produced 
at simulated altitude is reported. The newly-hatched and young birds had greater 
resistance than older birds. The duck was found to be more resistant than the 
chick to incomplete anoxia at all ages studied. 
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A study of the oxygen carrying capacities, total red cell counts, color indices, 
the amount of hemoglobin, and the oxygen dissociation curves of the blood of the 
duck and the chick is reported. 

The blood of the duck has greater oxygen capacity, higher total red cell count, 
higher color index, more hemoglobin and a higher percentage of saturation of the 
blood with oxygen at low oxygen tension when compared with blood of the chicken. 
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Introduction 

The food-vacuole has been more extensively studied in Paramecium than in any 
other organism. There is, however, still much diversity of opinion concerning the 
processes involved in its formation and movement and in the changes that occur in 
it. These phenomena will be considered in the following pages. 

Material and Methods 

Four species of Paramecium * were used in the following observations, namely, 
caudatum, multimicronucleatum,^ aurelia, and trichiimi. All the specimens used 
were obtained from pure cultures maintained in the laboratory. 

1 1 am indebted to Dr. W. J, Bowen for very efficient assistance in some of this work, and 
to the artist John S. Spurbeck, for expert service concerning the figures. 

® Dr. D. H. Wenrich very generously identified the species used. 

« The name **multimicronucleatum*’ is so long and unwieldy that the abbreviation, mcleatum, 
will hereafter be used in place of it 
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Paramecia are usually so active that it is very difficult to study them under high 
magnification. Various methods have been used to quiet them, e.g., addition of 
narcotics (Bills, 1922), addition of yeast-cells stained with Congo red (Buck, 1943), 
increase in viscosity (Marsland, 1943; Moment, 1944; and others). All these 
methods and also reduction in temperature were tried. The best results were ob- 
tained with the second method and some modifications of it. 

It was found that locomotion can readily be stopped without apparent injury by 
means of narcotics or by increasing the viscosity of the culture fluid, but that when 
locomotion ceases under these conditions, feeding does also. It was also found that 
while movement decreases greatly with decrease in temperature, it does not decrease 
sufficiently to make observation under high magnification practicable until after the 
paramecia have been actually frozen and killed. 

Nearly all the observations were made on preparations made as follows : A drop 
of solution containing numerous paramecia from a young, vigorous culture was 
mounted between two small ridges of vaseline on each of several slides. Yeast-cells 
stained with Congo red (Buck, 1943) were added to some, Chinese ink or carmine to 
others, and an abundance of zooglea and a little neutral red or nile blue to still others. 
Then all were covered with cover-glasses and sufficient fluid removed from some to 
flatten the paramecia considerably. All the preparations were kept in a damp 
chamber w’hen not under observation. 

The paramecia in these preparations usually lived for several days. They were 
Ytvy active at first but they soon became quiet, although it sometimes required 24 
hours or more, and in some of the preparations they became so quiet that given 
individuals could be studied continuously for several minutes, even under an oil- 
immersion objective. Nearly all the quiet paramecia, even those which had been 
flattened, fed vigorously. In some of these, especially those which were flattened, 
the structure of the feeding apparatus, the activity of the cilia and the movement of 
particles in it, and the formation of the food-vacuoles could be clearly seen. 

It was found that the paramecia from young, rapidly growing cultures become 
quiet much more readily than those from old declining cultures. This is doubtless, 
at least in part, due to difference in the hydrogen-ion concentration of the cultures. 
At any rate, it was observed that if a trace of alkali is added to fluid from young 
cultures the acti\dty of the paramecia in it increases greatly and that if a trace of 
acid is added to fluid from old cultures the activit}" of the paramecia in it decreases. 

The Feeding Apparatus 

Numerous obsen^ations were made on the feeding apparatus in the four species 
of Paramecium listed above. The following'conclusions were reached: The feeding 
apparatus is essentially the sam^ in structure in the four species studied. It con- 
sists of a shallow ciliated groove (the oral groove) which extends from the an- 
terior end to slightly beyond the middle of the body, a ciliated depression (the vesti- 
bulum) at the posterior end of the groove, a ciliated tube which extends from an 
opening in the floor of th^ depression (the mouth) backward into the body, and some 
fibers which extend from the distal end of the tube toward the posterior end of the 
body. 

The tute is called phaiymx by some, C 3 rtopharynx, gullet or esophagus by others, 
and a portion of it pharynx and the rest esophagus by still others. I shall call it 
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pharynx. The phaiy^nx can be seen distinctly in living specimens. It extends from 
the mouth directly toward the center of the body a short distance, then turns back- 
ward sharply and proceeds parallel with the surface of the body for some distance, 
then turns sharply again but nearly at right angles to the first turn and ends almost 
immediately in an elliptical opening which leads into the forming food-vacuole which 
I shall designate “esophageal sac” (Fig. 1). 



Figxjee 1. Camera outline of Paramecium aurelia showing the feeding apparatus and its 
relation to the rest of the body. A, oral groove and mouth facing upward ; B, oral groove and 
mouth facing to the right; O, oral groove; M, mouth; V, vestibulum; EO, esophageal opening; 
P, phar3mx; ES, esophageal sac; EF, esophageal fibers. 

Nirenstein (1905) and others maintain that the mouth is a fixed oval opening. 
But Frisch (1937) says it “is a narrow slit bounded by a raised, thickened border 
in the form of an elongated oval, somewhat like lips” and that it is sometimes closed. 
His observations were made on an exconjugant individual, beginning immediatdy 
after it had separated from its mate and continuing for one and one-half hours. I 
have seen the mouth tmder the oil-immersion objective in many individuals under 
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various conditions but not in any immediately after conjugation. In all these, the 
mouth was continuously distinctly oval in outline, and I did not see any indication of 
change in form or size. It may well be that the phenomena observed by Frisch 
occur only for a few hours after conjugation. 

If a paramecium is so oriented under the cover-glass that the anterior end is 
directed from the observer and the oral groove is to the left and faces upward, one 
can see down through the mouth into the proximal end of the phar3nix and one can 
see the esophageal sac extending at right angles from the opening at the distal end. 
If the paramecium now rotates on its longitudinal axis 90° to the left, one can see the 
sharp curve in the pharynx at the proximal end and one can see down through the 
esophageal sac into the distal end of the pharynx. A more distinct view of this sac 
(the forming food-vacuole) is, however, obtained when the oral groove is to the 
right and faces downward, for the distal end of the pharynx is now nearer the upper 
surface of the body (Fig. 1). 

The esophageal sac consists of a thin elastic membrane which separates the con- 
tent of the sac from the cytoplasm. It changes greatly in form and size as the food- 
vacuole develops. 

The inner surface of the pharynx contains numerous cilia. This can be seen 
clearly in living specimens, but no details can be made out concerning their ar- 
rangement or their size or their action, except at the distal end where a number of 
long cilia can be seen to beat vigorously into the forming food-vacuole. 

Gelei (1934) found, in observations on fixed and stained paramecia, that there 
are in the pharynx two bands of cilia and that one of tliese bands, the “penniculus”, 
extends from the anterior left edge of the pharynx nearly to the posterior oral edge 
and the other (called “Vierermembran”) from the anterior aboral edge to the pos- 
terior oral edge. He maintains that the former usually contains eight rows of short 
cilia and the latter four rows of long cilia vrhich at the distal end of the pharynx ex- 
tend into the forming food-vacuole. Lund (1933, 1941) agrees with Gelei in refer- 
ence to the composition, the location and the extent of the former and the com- 
position and the location but not the extent of the latter. He holds that the latter 
does not extend to the distal end of the pharynx but that there is at this end a “pouch” 
which contains a “heavy tuft of cilia,” 

The results of my observations are in full accord with Gelei’s contention. I 
could not see anything that resembled a pouch at the end of the pharynx, but I 
could see distinctly long cilia at this end, which extended into the forming food- 
vacuole. These however, clearly appeared to be at the end of the “Vierermembran” 
not in a partially separated pouch (Fig. 2). 

Bozler (1924) maintains that there are attached to the right wall of the pharynx 
about half-way up, some ten long fibers which extend nearly to the posterior end of 
the body, and that these fibers are fixed in position, fairly rigid and in the same 
plane. He calls them “Schlundfaden” and says similar fibers occur in other proto- 
zoa and that Schuberg (1890) first discovered them in observations on Stentor, 

Gelei (1934) and Lund (1933, 1941) confirm Bozler in reference to the presence 
of long fibers attached to the pharynx in Paramecium but they do not agree with 
him in the contention that the fibers are fixed and in one plane. Gelei holds that 
they are attached to the “right wall” of the pharynx but near the proximal end and 
that they are not all in one plane. Lund maintains that they are attached near the 
distal end of the pharynx on all sides and are not fixed. He says (1933, p. 55) : 
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Figure 2. Camera outline showing the structure of the feeding apparatus in Paramecium 
aurclia, A and B, two views, one at right angles to the other. 0, oral groove; V, vestibulum; 
M, mouth; P, pharynx; EO, esophageal opening; ES, esophageal sac; EF, esophageal fibers; 
PE, penniculus; FAf, “Vierermembran’^ ; Y, yeast-cell; L, a large particle; S, surface of the 
body; broken lines, paths taken by particles during the process of feeding; arrows, direction of 
movement 

The dlia which project into the esophageal sac from the end of the pharynx are doubtless 
part of the **Vierermembran.” There are, of course, many more than are represented. 
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“Frequently in stained animals they are wrapped almost around the food vacuoles. 
In the living animal they can be observed only a short way beyond the gullet, but 
certainly not all in one plane and are capable of some movement. All morphologi- 
cal evidence points to a lax condition of these fibrils, with their distal ends free.” 
He calls them “postesophageal fibrils”. 

Lund maintains that there are also "‘five or more heavy fibrils” which extend 
from their attachment at the anterior edge of the opening at the distal end of the 
pharjmx, to the posterior edge where each ends in a “large granule” but that they can 
not be seen in living specimens. The larger granules, Lund thinks, are part of the 
neuromotor system. He calls these fibers “paraesophageal fibrils”. 

I have made extensive observ^ations on numerous living specimens of the four 
species of Paramechim listed above, concerning fibers attached to the pharynx. 
Some of the observations were made on specimens which had been greatly com- 
pressed under the cover-glass, others on specimens stained with various vital dyes 
and still others on specimens in various stages of inanition. All were made with the 
highest grades of optical and illuminating systems (Mast and Bowen, 1944). 

I could not see any fibers across the distal opening of the phar 3 nix in any of the 
specimens studied, but in a few I could see several fibers which appeared to ex- 
tend posteriorly from this end. I could not, however, make out any details as to 
their attachment or their length. This indicates that the index of refraction of these 
fibers is very nearly the same as that of the cytoplasm in which they are imbedded 
and that in this respect they differ from those found in the Peritricha for in 
these organisms they can readily be seen in the living state (Mast, 1944; Mast and 
Bowen, 1944). 

The Formation of the Food-Vacuole 

Paramecia ordinarily do not ingest an 3 ithing when they are swimming actively 
(Mast and Lashley, 1916). When they are at rest or are swimming slowly in con- 
tact with a solid surface, the oral cilia produce a current down the oral groove into 
the vestibulum. This current contains in suspension all sorts of small solid par- 
tides many of which are carried into the vestibulum, but most of these are im- 
mediately carried out again. The rest pass through the mouth into the phar 3 nix ; 
some of these are thrown back out again, the rest and some fluid pass through the 
pharynx into the esophageal sac. Here the fluid with the particles in suspension 
usually rotates rapidly, and as more and more substance enters the sac, the particles 
in it become more concentrated and the sac becomes larger, and finally a portion of 
it separates from the pharynx as a full-fledged food-vacuole. All these phenomena 
can be seen readily and tliere is little disagreement concerning them ; there is, how- 
ever, marked diversity of opinion concerning the processes involved. These will 
be considered in detail under several headings in the following pages. 

Selection oj particles. 

Metalnikow (1907, 1912) concludes that while paramecia ingest all sorts of small 
particles they take more of those which are digestible than of those which are not. 
This conclusion is supported by Bozler (1924), Losina-Losinsky (1931), Bragg 
(1936a, 1939), and others. It is consequently fairly certain that paramecia can 
differentiate between various small particles. There is, however, little known con- 
cerning the factors involved. 
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Bozler (1924) maintains that selection is usually made at or near the entrance 
to the pharynx by the response of individual cilia to contact with particles which 
have been carried into the vestibulum b}' the oral current, i.e., that if a particle comes 
in contact with a cilium, the cilium responds either by throwing the particle into the 
pharynx or into the outgoing current, depending upon the physical characters of 
the particle. He says (p. 189) : ‘‘Man ersieht . . . dass das Hineinbefdrdem der 
Nahrungsteilchen nicht durch ein planmassiges Zusammenwirken der Cilien ge- 
schieht, sondem dass jede Cilie auf Grund der Reize reagiert, die sie direkt von 3em 
Nahrungskorper erhalt.” He maintains, however, that particles which have en- 
tered the pharynx are sometimes forced back out, even after they have nearly reached 
the distal end, but that this occurs only if the particles are large enough to fill the 
lumen of the pharynx. Bozler’s contention that selection in Paramecium is de- 
pendent upon physical properties is supported by SchaeflFer (1910) in observations 
on Stcntor. Nelson (1933), on the contrary, presents convincing evidence that 
selection, in at least some ciliates, is dependent upon chemical properties. 

Losina-Losinsky (1931) holds that discrimination between particles depends, 
upon the action of cilia controlled by a central coordinating system, rather than upon 
the direct response of indi\ddual cilia to contact with the particles and that the 
stimulating agent is chemical rather than physical. He holds that acceptance of a 
particle is essentially the result of a chemopositive response and rejection to that of 
a chemonegative response. 

I made numerous observations on the movements of particles in the feeding ap- 
paratus of Paramecium caudatiim, P, nucleatum, aud P. aurclia. Most of these 
obser\"ations were made under the oil-immersion objective with specimens variously 
oriented (Fig. 1). Some of the specimens were in culture fluid which contained 
numerous bacteria and various other solid particles and others were in culture 
fluid to which Chinese ink, carmine, wheat starch and yeast-cells stained with congo 
red had been added respectively. No difference was obser^^ed in the three species 
studied. 

When the paramecia were actively feeding, man}’ particles of all sorts found in 
the surrounding medium were carried into the vestibulum, but only a small propor- 
tion of these passed on through the mouth into the pharynx. The rest passed out 
again — some immediately, some not until after they had circulated around in the 
vestibulum for a time. Nearly all the particles which entered the phar}’nx were 
small. A few of those and all the larger ones which entered, passed rapidly on 
into the esophageal sac without any indication of retardation on the way. The rest 
immediately after they had passed through the mouth, plunged, one at a time, into 
the band oi cilia (the “Vierermembran”) on the the aboral wall of the pharynx. 
Here they stopped a moment and then either passed back out through the mouth 
and the vestibulum or directly on into the esophageal sac (Fig. 2B). 

It consequently seems to be the cilia in the “Vierermembran” near the proximal 
end of the pharynx which, after momentary contact, either throw the particles back 
out of the pharynx or down to\\’ard the esophageal sac. I have no e^ddence which 
indicates what it is that decides the fate of these particles after they have come in 
contact with these cilia. I have seen many stained, dead yeast-cells of all shapes 
and sizes rejected after they had come in contact with them and I have seen many of 
4he same shapes and sizes accepted. There appeared to be neither rhyme nor 
reason in the process under these conditions. 
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The results presented indicate, therefore, that selection among the larger par- 
ticles takes place in the vestibulum and selection among the smaller ones in the prox- 
imal region of the pharynx and the vestibulum; but they do not illuminate the 
problem concerning the nature of the stimulating agent involved in the selection of 
either. 

Some of the particles ingested were surprisingly large. Several specimens of 
Chiloinonas parameciiim, 18 long and 10 wide, and starch grains, 16 in diam- 
eter, were seen to pass through the pharynx into the esophageal sac (Fig. 2) . Boz- 
ler (1924) also found that paramecia sometimes ingest extraordinarily large par- 
ticles. He found starch grains 11 ft in diameter in the food-vacuoles. The inges- 
tion of particles as large as these requires great extension of the phar3mx, for it 
usually is, in the smallest region, only five to seven micra in diameter. This shows 
that the phar}Tix is far from being as rigid as it appears to be. 

Bills (1922) and Bozler (1924) maintain that particles are often rejected after 
they have passed well on down the phaiy^nx, sometimes nearly, if not quite, to the 
esophageal sac. They consequently imply that selection of food may take place any- 
where in the pharynx. Lund (1933, 1941) seems to hold that the particles which 
have entered the pharynx collect in front of a sort of fibrous screen at the mouth of 
the esophageal sac and then gradually slip through “one by one” into it and that 
selection takes place here, at least in part. 

I have seen hundreds of particles of all sorts pass through the pharynx into the 
esophageal sac under various conditions, but I have never seen one rejected after 
it had passed beyond tlie first bend in the pharynx ; nor have I ever seen any indi- 
cation of decrease in the rate of movement between this bend and the sac. 

The enlargement of the esophageal sac and the increase in the concentration oj 

particles in it. 

When a food-vacuole forms by constriction of the esophageal sac, a portion of the 
sac remains as a membrane over the distal opening of the pharynx. This membrane 
bulges slightly out into the cytoplasm and thus forms a shallow new esophageal sac. 
If there is active ingestion, this shallow sac rapidly becomes deeper and finally nearly 
spherical in form. It contains relatively much fluid and few particles at first, but 
as it increases in size the concentration of particles increases (at first slowly then 
more and more rapidly) until the sac often appears to be almost filled with them. 
The long cilia w'hich extend from the end of the pharynx into the sac beat vigorously ; 
this causes tlie particles in the sac to vibrate actively and its entire content to ro- 
tate. Rotation usually continues until the sac is closed; but sometimes it ceases 
long before the sac is closed and then only those particles vibrate which are in close 
contact with the cilia at the mouth of the sac. This is doubtless due to increase in 
the viscosity of the fluid in the sac. The quantitative relation between fluid and 
solid particles in the newly formed food-vacuole varies very greatly. Under some 
conditions the vacuole appears to be entirely filled with fluid, no particles whatever 
being visible even under the highest magnification, while under others, as stated 
above, it appears to be almost entirely filled with particles. 

Biitschli (1889) and Homing (1926) contend that the content of the pharynx is 
in direct contact with the cytoplasm, i.e., that no membrane intervenes at the distal 
opemng and that the droplets (vacuoles) which pass from the pharynx into the 
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cytoplasm are surrounded merely by a surface film. Biitschli seems to think that this 
continues, but Horning holds that in the C 3 ^oplasm, membranes form at the surfaces 
of the droplets. Gelei (1934) concludes that the content of the pharynx is separated 
from the cytoplasm by a definite membrane which persists as the esophageal sac en- 
larges, and that this membrane is porous ; for he observed in stained whole mounts, 
that the cytoplasm adjoining it was strongly stained, whereas that adjoining the 
pellicle at the surface of the body and that adjoining the wall of the pharynx was 
only slightly stained, if at all. 

Nirenstein (1905) maintains that the cytoplasm exerts suction (‘‘eine Art Saug- 
wirkung”) on the esophageal sac, and that this causes the sac to enlarge very rapidly 
to its maximum size and fill with fluid containing but few particles, and he thinks 
that the cilia in the phar 3 mx then force more particles into the sac and that this causes 
the observed increase in their concentration. That is, he seems to hold that the 
cilia come in direct contact with the particles and force them through the fluid in the 
pharynx and finally into the sac. 

Biitschli (1889), Bozler (1924) and others maintain that the enlargement of the 
esophageal sac is due to pressure of fluid forced into it by the action of the pharyn- 
geal cilia. They consequently do not agree with Nirenstein in reference to the cause 
of the enlargement, but they appear to agree with him in reference to the process in- 
volved in the concentration of particles. Bozler describes this as follows : A drop 
consisting largely of water (“ein Wassertropfen”) is first formed; then solid par- 
ticles are forced into it by the cilia in the pharynx (“hereingestruddt”) and whirled 
about by those which project from the end of the pharynx into the drop. After the 
drop has become nearly filled with particles these cilia rotate its content and press 
the particles together so as to get as many in as possible. 

All the investigators referred to obviously hold that when the esophageal sac 
begins to enlarge almost nothing but water enters, that this continues until it has 
nearly, if not entirely, reached maximum size and that after this almost nothing but 
solid particles enter. This would account for the observed increase in the concen- 
tration of solid particles in the esophageal sac, but it is difficult to understand why 
the cilia in the pharynx should at first transport mainly water and later mainly solid 
particles. 

Lund (1933) agrees with Biitschli and Bozler in reference to the cause of the 
enlargement of the esophageal sac, but he thinks that “paraesophageal fibrils” at 
the mouth of the sac are involved in the concentration of particles in it. He says 
(1933, p. 54) : “Food material collects as it reaches these fibrils, so it is probable 
that they too aid in the concentration of food particles into the vacuoles” and (1941, 
p. 564) “Here particles of all sizes are trapped in the paraesophageal fibrils, while 
most of the fluid material presumably circulates back into the pharyngeal cavity. 
One by one the particles of food slip through the paraesophageal fibrils, and arrive 
in a growing bulge (the future food vacuole) on the dorsal side of the phar^mx.” 

Lund found in section of paramecia, some particles which appeared to have been 
entangled in fibrils at the mouth of the esophageal sac. This led to the .conclus- 
ions quoted above. I have, however, as previously stated, been unable to see in 
living paramecia any indication of an aggregation of particles at the mouth of the 
sac or cessation of movement of individual particles in this region. Nor have I been 
able to find any indication of backward circulation of fluid in the pharynx. The 
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particles observed by Lund among fibrils at or near the mouth of the sac may well 
have been deposited there by the microtome knife in sectioning the organisms. 

It seems to me to be perfectly obvious that the cilia in the phar3mx force fluid 
with particles in suspension into the esophageal sac and that it is this that causes the 
enlargement of the sac as Biitschli, Bozler and others maintain. But I could not 
observe any change in the concentration of the particles in the fluid forced into the 
sac, during its enlargement, i.e., I did not obtain any evidence indicating that the 
concentration was at first low and later high as Bozler^s view demands. What 
then causes the observed increase in concentration ? 

Discussion 

Nirenstein (1905) maintains that after the food-vacuole has been formed and 
has left the pharynx it rapidly decreases in size and that this is due to loss of fluid. 
These contentions have been abundantly confirmed. The membrane around the 
food-vacuole is therefore pervious to water, and the loss of water, which causes the 
vacuole to decrease in size, is doubtless due to excessive external osmotic concen- 
tration and inward pressure of the stretched vacuolar membrane (Mast and Bowen» 
1944). 

If this is true, water must be continuously forced out of the esophageal sac dur- 
ing its enlargement, i.e., during the formation of the food-vacuole, for the factors in- 
volved in the loss of water from the fully formed food-vacuole function continuously 
during its formation. And since no solid particles leave during this time, it is ob- 
vious that this would result in increase in their concentration in the forming vacuole. 
But it does not account for the apparent observed increase in the rate of their con- 
centration as the sac enlarges. 

The difference between internal and external osmotic concentration is doubtless 
practically constant during the enlargement of the esophageal sac, as is also the 
pressure of the fluid against its inner surface, caused by the action of the cilia in the 
phaiymx. .The rate of outflow of water per unit area of membrane at the surface of 
the sac (provided there is no change in its permeability) is therefore practically con- 
stant ; but since this area increases as the sac increases in size the rate at which water 
leaves the sac, i.e., the volume per second, also increases. Therefore, since as the 
sac increases in size the rate of inflow of fluid and particles through the pharynx re- 
mains practically constant, while the rate of outflow of fluid without particles in- 
creases, the rate of concentration of particles in the fluid in the esophageal sac must 
increase as the sac enlarges. Moreover, as the esophageal sac enlarges the mem- 
brane at its surface is continuously stretched, and as it is stretched it must be con- 
tinuously built up by the interaction between substances in the sac and the adjoining 
cytoplasm so as to prevent rupture. It may well be, however, that the membrane 
thus formed becomes more and more pervious to water as it is stretched during the 
enlargement of the sac. If this is true, it also causes an increase in the rate of con- 
centration of particles in the sac. 

The conclusion that water continuously passes from the esophageal sac into the 
cytoplasui has an important bearing on various views concerning the origin of the 
excreted by the contractile vacuoles. Eisenberg (1925) and Frisch 
(1937) hold that all this water enters the body through the pharynx ; Bozler ( 1924) 
Fortner (1926), and Muller (1932) conclude that some of it enters through the 



FOOD-VACUOLE IN PARAMECIUM 


41 


pellicle, and Kitching (1934, 1936, 1938) assumes, in some of his experiments, that 
all enters through the pellicle. 

It has been demonstrated by several investigators that the total volume of the 
food-vacuoles (at maximum size) formed in a given period of time is only about 
one-third as great as the total volume of the contractile vacuoles (at maximum size) 
formed during the same length of time. This seems to prove that water enters the 
body through the pellicle as well as through the phaiymx. Eisenberg, Frisch and 
others maintain, however, that some of the water that enters the pharynx passes 
directly into the cytoplasm, i.e., without entering the food-vacuole at all, and that 
this accoimts for the observed difference between the total volume of the food-vacu- 
oles and that of the contractile vacuoles. The evidence presented above that water 
continuously passes from the esophageal sac into the cytoplasm during the formation 
of the food-vacuoles, strongly supports the contention that the water excreted by 
the contractile vacuoles enters the phaiy^nx; for the formation of the food-\^cuole 
requires sufficient time to permit, during its formation, the passage of more water 
from it into the cytoplasm than passes from the food-vacuole into the cytoplasm 
after the vacuole has been fully formed. 

In view of these and other considerations it is difficult to understand how Klitch- 
ing, in the experiments referred to above, came to assume that all the water that was 
excreted by the contractile vacuole entered the body through the pellicle. 

The Separation of the Food-Vacuole from the Pharnyx and its Movement 

THROUGH THE BODY 

There has been for many years much speculation concerning the processes in- 
volved in the separation of the food-vacuole from the pharynx and its movements 
after it has become free, but these problems still remain unsolved. 

I have closely observed under the oil-immersion objective, numerous food- 
vacuoles leave the phaiy’nx and pass through the body in each of the four species of 
Paramecium listed above, especially the first three. The specimens studied were 
under many different environmental conditions, both natural and artificial. Ex- 
tensive variations were seen in each species but the results as a vrhole seem to show 
that the processes involved in the closing of the esophageal sac, the separation from 
the pharynx of the food-vacuole thus formed, and its passage through the body are 
fundamentally identical in the four species. 

The following usually occurs : The esophageal sac enlarges and becomes nearly 
spherical with the major axis directed backv’ard. The substance in the sac rotates 
strongly and the particles in suspension vibrate vigorously and become much con- 
centrated. After the sac has become about twice as wide as the pharynx, it slides 
posteriorly from the diagonal end of the pharynx and becomes definitely pear- 
shaped, a nipple being dravrn out on the vacuole as it leaves the pharynx. (No 
change whatever in the size of the end of the phar 3 mx can be seen during this proc- 
ess.) A small portion of the esophageal sac remains as a membrane over the open- 
ing in the pharynx. This bulges out into the c 3 d:oplasm slightly, forming a shallow 
sac whicfi soon enlarges to form a new vacuole (Fig. 3). After the nipple which 
connects the newly formed food-vacuole with the tip of the diagonal end of the 
pharynx has broken, the vacuole moves rapidly through the cytoplasm nearly to 
the posterior end of the body, and on the way it creates marked currents in the 
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cytoplasm, turns through approximately 270° and becomes spherical. After it has 
reached the end of this course, it stops a few moments, then slowly passes forward 
near the aboral surface to the anterior end of the body or part way, and then back 
along the opposite surface, to the anus. 

As stated above, there is great variation in these phenomena. Some of these 
are set forth in the following paragraph : 

During the separation of the food-vacuole from the pharynx, the cytoplasm 
around it ordinarily flow^s slowly backward and appears to elongate the vacuole 
slightly, but sometimes this cytoplasm does not flow at all and occasionally it flows 
so violently that it appears to elongate the vacuole greatly and actually pull it from 



Figure 3. Camera outline of a portion of the feeding apparatus and some sketches illus- 
trating the movement of the food-vacuole during its separation from the pharynx in Paramecium 
aurelia. P, pharynx; ES, esophageal sac; F, food-vacuole; arrows, direction of movement. 

the pharynx. After the vacuole has been separated from the pharynx it almost in- 
variably moves toward the posterior end of the body much faster than the surround- 
ing cytoplasm, but occasionally it moves so slowly that it appears to be carried by 
the cytoplasm. On its way toward the posterior end of the body the vacuole usually 
turns somewhat more than half-way around but sometimes it does not turn at all, 
Md sometimes it turns entirely around and occasionally even more than once ; and 
it sometimes goes only a short distance on its usual course toward the posterior end 
of the body and is then carried forward. The vacuole usually becomes spherical 
before it has reached the posterior end of the body, but it sometimes does not be- 
come spherical until much later, if at all. This appears to be closely correlated with 
the viscosity of its content. Details concerning these phenomena are given in the 
next section (see also page 55-57). 
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Discussion 

It is held by all who have investigated the subject that after the food-vacuole has 
reached the posterior end of the body, it is carried over the rest of its course in the 
cytoplasmic stream, i.e., by cyclosis, but there is marked diversity of opinion con- 
cerning the processes involved in the separation of the food- vacuole from the pharynx 
and its rapid movement toward the posterior end of the body. 

Stein (1859), Biitschli (1889) and Br^g (1935, 1936) conclude that contrac- 
tion of the distal end of the pharynx and cyclosis are involved. However, since 
no decrease in the size of the pharynx can be seen and the vacuole sometimes leaves 
the pharynx and moves away in the total absence of cyclosis, neither of these two 
factors is essential. 

Nirenstein (1905) maintains that the C 3 rtoplasm adjoining the esophageal sac 
near the distal end of the pharynx contracts and separates the content of the sac from 
that in the pharynx and that the vacuole thus formed is carried away by cyclosis. 
Bozler (1924) supports Nirenstein in reference to the separation of the vacuoles 
from the phar 3 mx, but he holds that the vacuole is not carried off by cyclosis. He 
contends that there is periodic backward streaming of the C 3 rtoplasm (which is not 
cyclosis) adjoining a group of fibers ('‘Schlundfaden”) which extend from the 
phar 3 aix nearly to the posterior end of the body and that the vacuole is carried 
posteriorly in this stream. 

If the constriction in the esophageal sac is caused by the adjoining cytoplasm, one 
would expect to find a differentiated structure in the cytoplasm, i.e., a sort of 
sphincter. Nothing of this sort has, however, been found; and Bozler’s contention 
that there is a stream of C3d:oplasm backward along one side of a btmdle of fibers 
has not been confirmed. It is consequently not likely that the formation and move- 
ment of the vacuole is dependent upon either of these two postulated factors. 

Kalmus (1931) and others seem to think that surface tension plays a predomi- 
nant role in the formation of food-vacuoles, somewhat as it does in the formation of 
drops of water in the air. The formation of drops of water in air by the action of 
surface tension is, however, dependent upon weight. But since food-vacuoles sus- 
pended in qrtoplasm have no weight, surface tension cannot be essential in their 
formation. 

Gelei (1934) says the food-vacuoles are tom from the pharynx, but he does not 
say by what means. 

Lund (1941) concludes that the food-vacuole is separated from the phaiynix 
and forced toward the posterior end of the body by the action of the “postesophageal 
fibrils”. He says (p. 564) : “With the growth of the vacuole the postesophageal 
fibrils contract about its base, the vacuole is pressed posteriorly, and once it is re- 
leased the fibrils conduct it into the cytoplasm with considerable rapidity. Their 
concerted action produces an effect somewhat resembling that produced by a peri- 
staltic wave in the esophagus of higher vertebrates.” 

Lund did not actually see the processes described nor could I see an 3 d:hing of 
the sort. I believe, however, that his postulations are eminently sound, for they rea- 
sonably account for nearly all that has been seen. There is, however, one observa- 
tion that seems to require further elucidation. 

Nirenstein (1905, p. 451) maintains that if the food-vacuole is directly over 
or tinder the diagonal opening of the pharynx which now appears as a clear oval 
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(“heller Oval”) , it can be seen that as the vacuole leaves the pharynx, the minor axis 
of the oval decreases until the oval becomes a slit (“ein heller Spalt”) before the 
major axis decreases. I could not see these phenomena, but the observations are 
so difficult that this casts no reflections on their validity. Nirenstein thinks that 
the decrease in the minor axis, before the major axis decreases, must be due to con- 
traction of the c}toplasm (“Plasma”) adjoining the esophageal sac near its con- 
nection with the phaiyTix. Lund asserts, as previously stated, that there are sev- 
eral fibers which extend over the opening at the distal end of the pharynx, i.e., the 
mouth of the esophageal sac. I have already presented evidence which shows that 
if these fibers exist (and Lund*s figures seem to prove that they do), they are not 
inside of the phaiynix or the sac. They must, therefore, be outside, some doubtless 
being on either side of the sac close to the end of the phar 3 mx. If this is true, these 
two groups of fibers become much separated in the middle and stretched as the sac 
enlarges. And if they now contract the opening of the sac will be laterally squeezed 
and consequently will become slit-like, i.e., it will assume a form which is in accord 
with Nirenstein’s contention. It may well be, therefore, that these fibers (called 
“paraesophageal fibrils” by Lund) function in the separation of the food-vacuole 
from the pharynx. 

Initiation of the Separation of the Food-Vacuole from the Pharynx 

The earlier investigators held that in Paramecium the size of the food-vacuole 
controls the initiation of its separation from the pharynx, and this idea seems still to 
be widely held. For example, Bragg (1935) says the food-vacuole “grows gradu- 
ally larger till, reaching its full size, it suddenly drops into the endoplasm.” This 
contention is supported by the fact that in a given individual successive vacuoles are 
usually nearly the same in size, but it does not account for the great difference in 
their size often observed. 

Bozler (1924) asserts that the separation of the food-vacuole from the pharynx 
is initiated by contact of particles with the inner surface of the vacuolar membrane. 
He bases this assertion on his contention that paramecia will not form food-vacuoles 
in a medium which does not contain particles. In this contention he does not, how- 
ever, agree with Schewiakoff ( 1894) , who maintains that particles are not necessary. 

(1935) says that in Paramecium trichimn contact of large particles with the 
inner surface of the vacuolar membrane is always immediately followed by separa- 
tion of the vacuole from the pharynx. This seems to support Bozler’s contention. 
Bragg says however that many of the food-vacuoles formed in this species have no 
large particles and that in Paramecium caudatum large particles in the vacuole have 
no effect on their separation from the pharynx. He consequently concludes that 
they are not necessary. 

I made many observations concerning this on each of the four species of Paror 
mecium under consideration and found in all these species that the food-vacuole fre- 
quently leaves the pharynx immediately after a large particle has entered but that 
^s does not always occur in any of them. I observed that when Paramecium trich-- 
turn is ingesting yeast-cells, the food-vacuole usually leaves the pharynx immediately 
after one of these cells has entered but that occasionally it does not leave until after 
two have entered. I also found that this obtains for each of the three other species 
studied, when they are ingesting specimens of Chilomonas paramecium, and in these 
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I observed that occasionally the vacuole did not leave the pharjTix until after three 
had entered. 

These results are therefore not in full accord with Bragg’s contentions. How- 
ever, I also obser\"ed in all the species, food-vacuoles which had no large particles 
whatever. This supports Bragg’s conclusion that contact of large particles with the 
vacuolar membrane is not necessary for the separation of the vacuole from the phar- 
ynx. This conclusion is also supported by the fact that I have under various con- 
ditions seen many food-vacuoles form in which no particles whatever could be seen. 
It is therefore very probable that in Bozler’s observations the failure of the para- 
mecia to form food-vacuoles in a particle-free medium was due to injurious action 
of the medium he used rather than to the absence of particles in it. 

The evidence in hand obviously throws but little light on the processes involved 
in the initiation of the separation of the food-vacuole from the phaiy^nx in para- 
mecia, and this is also true for other forms. Mast and Bowen (1944) considered 
this problem theoretically in reference to the Peritricha and reached the following 
conclusions : ‘Tt is highly probable that waves start at fairly definite intervals in the 
pharyngeal ring and pass simultaneously dowm all the esophageal fibers and that 
each of these sets of waves initiates a constriction in the esophageal sac, if it con- 
tains sufficient fluid to make a constriction possible. If this is true, the size of the 
vacuole is correlated with the rate at which the fluid is forced into the esoph^eal 
sac by the cilia in the pharynx and the rate at which it leaves this sac by osmosis. 
If these processes and the interval between successive waves depend upon the com- 
position of the surrounding fluid, the temperature and the physiological state of the 
organism, it accounts for the observed variation in the size of the food-vacuoles and 
the intervals between thejr formation.” It seems to me that these conclusions apply 
equally well to Paramecium, Moreover, Bozler (1924) says that in this genus a 
momentary current passes posteriorly along the “Schlundfaden’^ at about SO-second 
intervals. These currents, he asserts, are entirely independent of cyclosis. I have 
seen similar currents in this region, though not very distinctly. I believe they are 
produced by periodic action of the esophageal fibers. If this is true, it supports 
the conclusions presented above. 

Size, Rate of Formation, and Shape of the Food-Vacuole 


Size 

It is well known that the food-vacuoles formed in Paramecium vary greatly in 
size, but very little is known concerning the cause of this variation. 

Metalnikow (1912) maintains that if paramecia are transferred from a solution 
which is poor to one which is rich in digestible substance (i.e., bacteria, milk, egg- 
yolk, etc.) the first vacuole fomed is always huge, judging from his figures, nearly 
40 times larger than normal vacuoles. He also maintains that in solutions which 
contain only indigestible particles (carmine, Chinese ink, etc.) the food-vacuoles 
formed are abnormally small. He does not designate the species studied, but his 
figures indicate that it probably was aurelia, 

I repeated Metalnikow’s experiments and obtained results which on the whole 
support his contention ; but I found that the size of the vacuoles is not at all closely 
correlated with the composition of the surrounding medium. That is, I found that 
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the extent of change in the size of the vacuoles formed after transfer to a given 
medium varied greatly. 

Dogiel et al. (1927) made observations on the food-vacuoles formed by para- 
mecia ^ in solutions of salts, containing numerous particles of Chinese ink in sus- 
pension. They found that in solutions of MgQg, MgS 04 , and FeS 04 , the food-vac- 
uoles formed are long, tubular and coiled (“Nahrungsschlauche”) but that in solu- 
tions of BaCls they are minute and spindle-shaped. Judging from the sketches 
presented, the former would average about 60 /Jt in diameter in spherical form, and 
the latter only about 4 /a. Both were filled with particles of ink. 

I repeated these experiments on each of the four species of Paramecium listed 
above, with each of four brands of Chinese ink in a much greater range of concentra- 
tions of the salts than was used by Dogiel et al. Moreover, the solutions of all the 
salts were made up respectively in distilled water, tap-water, and fluid taken from 
the cultures. The paramecia ingested the particles of ink freely in all the salt con- 
centrations tested, except those which were so high that they were injurious ; but I 
observed no indication of the formation of abnormal food-vacuoles in any of the 
solutions, either in form or in size. 

Dogiel et al. assume that the abnormal food-vacuoles they observed were due to 
the action of the salts used. They say, however, that they did not obtain such vacu- 
oles if the Chinese ink was omitted. This, and the fact that I obtained no abnormal 
vacuoles, strongly indicates that the abnormality observed by them was due to the 
action of the ink they used rather than the salts. 

Cosmovici (1931) maintains that ^*Colpidium colpodaf* in culture fluid con- 
taining “amylodextrine’’ forms tubular food-vacuoles, some of which extend from the 
pharynx to the anus. He concludes that there is in the ciliates a very complicated 
closed capillary digestive system, through which substance is moved by waves of 
c)d:oplasmic contraction, and that cyclosis is an optical illusion, due to this movement. 
Amazing conclusions ! 

I repeated and extended Cosmovici’s observations using paramecia in place of 
colpidia, but obtained no evidence whatever in support of his contentions. 

Frisch (1937) made very extensive measurements on food-vacuoles in specimens 
of Paramecium nucleatum taken from given cultures on successive days for three 
weeks or more. The cultures remained in a flourishing condition for nearly two 
weeks and then declined. During the flourishing period the average diameter of the 
food-vacuoles formed in diflferent individuals varied from 17.25 /x to 25 /a with 65.55 /x 
for the largest vacuole measured. As the cultures declined the food- vacuoles formed 
decreased in diameter ‘‘first to 13.80 microns, then progressively to 10.35, 6.90 and 
3.45 microns.” The paramecia were plump and ranged from 227 ft to 330 ju. in length 
until the cultores began to decline, then they gradually became thin and somewhat 
shorter. It is consequently evident that in these cultures the size of the food-vacu- 
oles formed varied directly with the size of the paramecia. Frisch maintains, how- 
ever, that in well-fed paramecia the size of the food-vacuoles is not closely, if at all, 
correlated with the size of the body and that the observed decrease in the size of the 
food-vacuoles during the decline of the cultures was largely if not entirely, due to de- 
crease in quantity and quality of food, i.e,, bacteria. 

is not designated but the size of the paramecia calculated from the sketches 
presented and the fact that only one micronucleus is figured, indicate that it was caudatum. 
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I repeated the observations made by Frisch and extended them to other species. 
I also made observations on the effect of increase in the viscosity of the surrounding 
fluid. The results obtained are in full accord with those obtained by Frisch. I did 
find, however, that while within a given species, the size of the food-vacuoles does 
not appear to be correlated with the size of the individuals, the vacuoles formed by 
the two smaller species (aurelia and trichiiim) were, in general, much smaller than 
those formed by the two larger {caudafum and nucleatum) and that the size in all 
the species appears to depend upon the viscosity of the surrounding medium. 

In the observations on the effect of viscosit}", poljwinyl alcohol or methyl cellu- 
lose was added to culture fluid containing paramecia on a slide. It was found that 
if the viscosity of the fluid became high enough to retard locomotion, but not high 
enough to inhibit it, the paramecia ingested the fluid rapidly, formed unusually large 
food-vacuoles and soon became well filled with them (Fig. 4). In some of these 
vacuoles a considerable number of solid particles could be seen but in others none 



Figure 4. Camera outline of Paranierhim caudatum showing food-vacuoles formed in a 
viscous solution of polyvinyl alcohol. F, food-vacuoles. The small dots in the food-vacuoles 
represent solid particles. Most of the vacuoles did not contain any. 

whatever, despite thorough examination of mucli flattened specimens under the oil- 
immersion objective. Bozler (1924) obtained somewhat similar results with 
other viscous substances. 

Lee (1942) asserts that “preliminary observations” show that the size of the 
food-vacuoles in Paramecium is independent of the hydrogen-ion concentration of 
the surrounding medium, but he gives no details regarding the results of the observa- 
tions made. It may well be, therefore, that this assertion is not strictly true. How- 
ever this may be, the evidence in hand seems to show tliat there are at least four 
environmental factors which are involved in the control of the size of the food- 
vacuoles, namely, the quantity and the quality of the particles in suspension, and the 
chemical composition and the viscosit}’ of the surroundit^ fluid. The question now 
arises as to how these factors iunction. 

Mast and Bowen (1944) found in observations on Vorticella similis that the 
food-vacuoles vary greatly in size without any variation in the number or kind of 
particles suspended in the surrounding fluid or in its chemical composition. But 
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they did find that under certain conditions the size is definitely correlated with the 
quantitative rate of ingestion. 

They postulate, as stated above, that the food-vacuole is formed by constriction 
in the esophageal sac caused by the action of the esophageal fibers and that this con- 
strictive action occurs at fairly regular intervals regardless of the size of the 
esophageal sac. If this is true, it is obvious that if the constrictive action occurs 
when the sac is large, a large vacuole will be formed and that if it occurs when the 
sac is small, a small vacuole will be formed ; and it is also obvious that if the quanti- 
tative rate of ingestion is high the esophageal sac will become, during the interval 
between successive constrictive actions, larger than if it is low. But the size of the 
sac will also depend upon the quantitative rate of passage of fluid from the sac 
through its surface membrane into the adjoining cytoplasm. According to this view 
then the primary factors involved in controlling the size of the food-vacuoles are (1) 
the quantitative rate of ingestion of fluid and solid particles, (2) the quantitative 
rate of passage of fluid from the esophageal sac into the cytoplasm, and (3) the length 
of the inter\’’als between consecutive constrictive actions of the esophageal fibers. 
If this obtains all other factors that may be involved (the quantity and the quality 
of particles in the surrounding fluid, the chemical composition of this fluid, the 
physiological state of the organisms, etc.) function by modifying the primary fac- 
tors. 

This hypothesis is in full accord with the facts in hand, concerning the control 
of the size of the food-vacuoles in the Peritricha, and it also appears to account for 
all that is known concerning tliis phenomenon in Paramecium. 

Rate of formation 

Metalnikow (1912) contends that the rate of formation of food-vacuoles is de- 
pendent upon the hydrogen-ion concentration and upon the temperature of the 
surrounding fluid but that it is not dependent upon the number of particles suspended 
in it. 

Bozler (1924) asserts that the formation of a food-vacuole requires 4 to 5 minutes 
if the particles in suspension are scarce and only 1 to 2 minutes if they are abundant. 
He consequently does not agree with Metalnikow in this respect. 

Frisch (1937) seems to agree with Bozler in reference to the correlation between 
the concentration of particles and the rate of formation of food-vacuoles. He found 
that the time required for the formation of the food-vacuoles measured in the ob- 
servations described above, varied from 17 to 365 seconds, and he maintains that 
the time required for the formation of a food-vacuole is not dependent upon the size 
of the vacuole but that it is largely, if not entirely, dependent upon the quantity and 
the quality of the food present. He writes : ‘This variation did not depend upon 
the size of the food-vacuole formed but probably upon the quantity and the quality 
of bacteria present in the immediate vicinity of the aninfals.” He does not elucidate 
this dependence, but he doubtless holds that the time varies inversely with the quan- 
tity of bacteria and the extent of their usefulness as food. 

Lee (1942) demonstrated that the rate of formation of food-vacuoles is closely 
correlated vdth the hydrogen-ion concentration and the temperature of the surround- 
ing fluid. He consequently supports Metalnikow. 

No definite views have been expressed as to how the factors involved act in the 
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control of tlie rate of formation of food-vacuoles. Lee implies, however, that the 
rate is directly proportional to the activity of the cilia in the vestibulum (“peri- 
stome”) and that this is correlated with acidity, temperature, etc. This would ac- 
count for the facts observed by Lee, but it would not account for the correlation 
described above between the rate of formation of vacuoles and the concentration of 
particles in suspension in the surrounding medium. Moreover, I have repeatedly 
seen paramecia in which the cilia in the vestibulum were very active and numerous 
particles entered the vestibulum, but none passed into the pharynx, all being thrown 
out. This indicates that the amount of substance which enters the pharynx depends 
upon the nature of the activity of the cilia in the vestibulum quite as much as upon 
the magnitude of the activity. 

If the food-vacuoles are separated from the pharynx by constrictive actions of the 
esophageal fibers and these actions occur at regular intervals in accord with the 
hypothesis presented above, the rate of formation of the vacuoles must depend upon 
the length of these intervals ; and the effect on the rate of formation produced by the 
factors considered above, and others (i.e., acidity, temperature, physiological states, 
etc.) must be due to alteration produced by them, in the length of the intervals. 

Shape 

It is generally agreed that the newly formed food-vacuoles in Parayjiecium are 
usually nearly spherical but that they sometimes are distinctly spindle-shaped (Ni- 
renstein, 190S; Bozler, 1924; Dunihue, 1931; Gelei, 1934; Bragg, 1935, 1936). 
There is no controversy concerning the cause of the spherical form, but there are 
several views as to the cause of the spindle-shape. 

Nirenstein holds that the spindle-shape is due to constriction of the distal end of 
the forming vacuole by contraction of the adjoining c}toplasm and to drawing out 
of the proximal end to a point as the vacuole leaves the pharynx. Bozler main- 
tains that the food-vacuole is pressed against a bundle of fibers (“Schlundfaden”) 
on its way from the phai^’nx to the posterior end of the body and that this causes the 
spindle-shape. Gelei fcund that the portion of the esophageal sac which remains at- 
tached to the pharynx after a food-vacuole has left, is sometimes pointed and he main- 
tains that this results in a point on the distal end of the following vacuole and conse- 
quently in a spindle-shape. Mast and Bowen (1944) found that this regularly oc- 
curs in the Peritricha in which the newly formed food-vacuole is always spindle- 
shaped. Their results consequently support Gelei’s contention, Bragg (1936) 
concludes that the food-vacuole, immediately after it leaves the pharynx, is usually 
spindle-shaped in Paramecium caitdafum, rarely in P, nucleatum and never in P. 
aitrelia and P. trichium- He concludes that its form is a species characteristic, 
but he gives no information as to why, in a given species, it is sometimes nearly 
spherical and sometimes definitely spindle-shaped. 

I foimd in observations on pararaeda which had been in culture fluid containing 
neutral red in moderate concentration, that nearly all the food-vacuoles formed in 
P. caudatum and P. nucleatum, but none of those formed in P. aurelia and P. inch-^ 
ium, w^ere spindle-shaped. I also found that, while in the spherical vacuoles there 
was invariably violent movement, in the spin^e-shaped vacuoles there was little or 
none. This shows that the viscosity of the fluid in the vacuoles differs greatly and 
that the shape of the vacuoles is correlated with it. 
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Figltie 5. Camera outlines of a food-vacuole in a specimen of Paramecium aurelia, show- 
ing changes in form, size, and content, and changes in the position of neutral-red granules at 
the surface. P, pharynx; ES, esophageal sac; F, f ood-vacuole ; bacteria; I, indigestible 

bo^ ; Nj neutrd-red granules ; 3 : 12-3 : 55, time. 

Note that the vacuole rapidly became spherical then decreased slowly but greatly m size, 
then increased rapidly and greatly. Note also that the numerous neutral-red granules at the 
surface of the vacuole all disappeared during its rapid enlargement and that the bacteria appear 
to have died and agglutinated during the decrease in size. 
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Changes in Shape and Size of the Food- Vacuole after it has left 

THE Pharynx 

Nirenstein (1905) contends that the food-vacuole in Paramecium^ after it has 
left the pharynx, becomes spherical and decreases in size to about one-tenth and 
then increases until it is somewhat larger than it was originally. These conten- 
tions have been confirmed by others. 

I made detailed observations concerning these phenomena in Parameckm 
caudatum, P. nucleatum, and P. aurelia. The results obtained show that they are 
fundamentally the same in these three species. The changes observed in a typical 
food-vacuole in Paramecium caudatuin are illustrated in Figure 5. 

This figure shows that the vacuole, after it had become free from the pharynx, 
rapidly became spherical and slowly decreased in size to nearly one-twentieth and 
then very rapidly increased until it was nearly as large as it had been originally. 
The figure indicates that as the vacuole decreased in size the bacteria in it died and 
aggregated in numerous small clumps, and that fluid passed out into the surround- 
ing cytoplasm until there was practically none left, and the vacuole was so packed 
full of solid particles that the surface was very irregular. The figure indicates also 
that the numerous ‘‘neutral-red granules’^ at the surface of the vacuole when it left 
the phaiymx, disappeared during its rapid enlargement. All these phenomena varied 
greatly in extent and time. For example, under some conditions there was no 
perceptible change in the size of the vacuoles at all. Details concerning some of 
them are given in the next section (see pages 55-57). 

Mast and Bowen (1944) observed similar phenomena in the food-vacuoles in 
the Peritricha. They make the following statements in reference to the causes of 
the changes in size : “The loss of fluid, resulting in the decrease in the size, is prob- 
ably due in part to difference in the osmotic concentration of fluids in the vacuoles 
and the cytoplasm ® (that of the latter being higher than that of the former) and in 
part to inward pressure of the elastic membrane on the surface of the vacuoles, which 
was stretched by the pressure of fluid forced into them by the pharyngeal dlia. 
The inflow of fluid, resulting in increase in size, is probably entirely due to greater 
osmotic concentration within the vacuole than without. If this is true, the internal 
osmotic concentration must increase greatly during the time that the vacuole re- 
mains minimum in size. This could readily be brought about by transformation in 
the vacuole of osmotically inactive to osmotically active substance, for example, 
starch to sugar. In food-vacuoles which contain lactose, the gelatinous substance 
in them, referred to above, increases greatly in viscosity as the vacuoles decrease in 
size (as indicated by observations on Brownian movement) and then decreases greatly 
as they increase in size. The increase in viscosity is correlated with increase in 
acidity. It may well be that this increase in acidity causes chemical changes in the 
gelatinous substance which result in increase in osmotic concentration and that this 

® This contention is strongly supported by the following observations : Mast and Bowen 
(1944) found that the food-vacuoles in Vorticella similis do not decrease in size if lactose in 
sufficient quantity is added to the culture fluid; and Fortner (1933) found the same in Para- 
mecium caudafuni in culture fluid to which numerous crushed barteria had been added. In 
both of these observations the osmotic concentration of the fluid in the food-vacuoles was 
probably as high or higher than that of the Surrounding cytoplasm, hence the retention of the 
water in them and no decrease in size. 
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in turn causes the rapid inflow of fluid from the cytoplasni which in turn, owing 
to decrease in acidity, causes the observed decrease in viscosity. 

These statements are equally applicable to the food-vacuoles in Paramecium, 

The Hydrogen-iox Concentration of the Content of the Food- Vacuole 

IN Paramecium 

It has been known for many years that after the food-vacuole in protozoa has 
been formed the hydrogen-ion concentration of its content increases considerably 
and then decreases again (MetchnikoflE, 1889; LeDantec, 1890; Greenwood and 
Saunders, 1894; Nirenstein, 1905 ; et al.«). There is however marked diversity of 
opinion concerning the magnitude of these changes and the factors involved in pro- 
ducing them. Moreover, it has recently been maintained that in Paramecium the 
ingested substance becomes alkaline before the food-vacuole is formed, i.e., that there 
is in the vacuole a “preliminary alkaline phase.” 

The preliminary alkaline phase oj the jood-vacuole 

Shipley and DeGaris (1925) made observ^ations on specimens of Paramecium 
caudatum and P, aurelia in acid culture fluid to which phenol-sulfonphthalein 
(phenol red) had been added. They maintain that this fluid and the bacteria in it 
were distinctly yellow (acid), but that as it passed through the pharynx it became 
“faintly but distinctly pink . . . next to the wall of the pharynx , and that the form- 
ing food-vacuole was “filled wdth an alkaline [pink] fluid” which later became 
yellow (acid), and then pink (alkaline) again. They seem to hold that an alkaline 
substance is secreted by the wall of the pharynx. 

Shapiro (1927) repeated the observations of Shipley and DeGaris and extended 
them to paramecia in neutral and in alkaline culture fluids. He says tliat in the 
neutral culture fluid “the vacuoles at first had a very light shade of pink” (alka- 
line) , but that in the acid and the alkaline culture fluids there was no evidence of this. 
He concludes, how^ever (p. 49), that “the observations made by Shipley ^^and De- 
Garis of an alkaline stage at the beginning of the cycle has been verified.” Duni- 
hue (1931) asserts, on the contrary, that he was unable to confirm these observa- 
tions. 

I put into each of seven test-tubes a given quantity of fluid from a vigorous 
culture of Paramecium caudatum and added a different quantity of phenol red to 
the fluid in each, so as to produce a graded series of concentrations. All the solu- 
tions became distinctly yellow, and comparison with a series of buffers containing 
phenol red, showed that they were acid. After 24 hours the paramecia in the two 
strongest solutions were dead, but those in the rest of the solutions appeared to be 
in excellent condition. Some from each of these solutions were mounted and 
studied. They ingested fluid and bacteria in all, and the results obtained were the 
same in all. 

^Engelmatm (1879, p. 349) had previously observed ingested blue particles of litmus 
become red in Paramecium aurelia, Stylonychia mytilus, and Amoeba diffluens. But he did not 
know that this change in color was correlated with the content of the food-vacuoles. He 
assumed that the ingested particles of litmus were in direct contact with the cytoplasm and he 
therefore concluded that the observed change in their color demonstrated that the protoplasm 
is acid in these species. 



FOOD-VACUOLE IN PARAMECIUM 


S3 


Under a magnification of 400 (20 oculars and 20 objective) the stream of fluid 
in the pharynx was definitely yellow except a thin layer at the surface, i,e., a thin 
layer adjoining the wall of the pharynx, which was distinctly purplish pink. The 
fluid at the surface of the forming food-vacuole was also purplish pink, but that in 
the central portion was yellow, and the bacteria in it appeared to be the same in 
color as the fluid. After the vacuoles left the pharynx, they decreased slowly in 
size and the bacteria became intensely yellow, much deeper yellow than the fluid 
around them. Later the vacuoles increased rapidly in size, and the fluid in them 
became light purplish pink and the bacteria dark purplish pink. 

These results are essentially in accord with the contentions of Shipley and De- 
Garis, and they appear to support their implication that the wall of the phar 3 mx 
secretes an alkaline substance. However, on further examination of the paramecia 
in the culture fluids containing phenol red, I found that the surface of tlie content 
of the contractile vacuoles was also purplish pink, that is, that it was the same in 
color as the surface of the content of the pharynx, and I later observ^ed the same 
purplish pink color in the pharynx and the contractile vacuoles in paramecia in 
culture fluid which did not contain any dye. Moreover, under a magnification of 
1200 (20 oculars and 60 oil-immersion objective) there was no indication whatever 
of purplish or pinkish color in the phar 3 mx or the contractile vacuoles, either in the 
paramecia in the culture fluid containing phenol red or in those in the culture fluid 
without any dye. 

These results seem therefore to indicate that the purplish pink color observed in 
the lower magnification was due to refraction phenomena, not to change in acidity'. 
It is consequently highly probable that the pinkish color observed in the pharynx 
and the forming food-vacuole by Shipley and DeGaris and Shapiro was not due to 
decrease in acidity. 

I made numerous observations with several other indicator dyes, concerning a 
decrease in the acidity of the fluid in the phar^^nx in Parameciimi but obtained no 
evidence of any. Moreover, Lund (1914) demonstrated fairly conclusively that 
in Biirsaria there is a definite increase. That is, he found precisely the opposite 
from what Shipley and DeGaris maintain occurs in Paramecium. The evidence 
in support of a ‘‘preliminary^ alkaline phase” in the food-vacuoles in Paramecium is 
consequently negligible. 

The Magnitude of the Changes in the Hydrogen-ion Concentration 

IN the Food-Vacuole 

Bozler (1924) was probably the first to attempt to measure the hydrogen-ion 
concentration of the content of the food-vacuole. He made obsen^ations on food- 
vacuoles in paramecia which had ingested yeast-cells stained vith Congo red ; and he 
concluded that the hydrogen-ion concentration of their content increases approxi- 
mately to pH 3. Nirenstein (1925) repeated and extended Bozler ’s observations 
and concluded that it increases nearly, if not quite, to pH 1. Neither of these in- 
vestigators measured the subsequent decrease in hydrogen-ion concentration. 
Shapiro (1927) measured this and also the preceding changes. He made observa- 
tions on paramecia in culture fluid containing respectively litmus, congo red, and 
phenol red, and concluded that in neutral culture fluid the acidity at first decreases 
to about pH 7.6 (“preliminary alkaline phase”), then increases to a maximum of 
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pH 4, and then decreases about to pH 7. Kalmus (1931) confirmed Nirenstein’s 
conclusion. 

I repeated and extended the preceding observations made with dyes and I also 
made obser\"ations on ingested crystals. 

Ingested crystals 

Xeutral-red crystals were produced and tested for solubility and changes in 
color in relation to hydrogen-ion concentration as described in preceding papers 
(Mast, 1942; ilast and Bowmen, 1944). Some fragments of these were added re- 
spectively to neutral and slightly acid or alkaline culture fluid containing paramecia 
on a slide and covered with a cover-glass supported on ridges of vaseline. 

In some tests the culture fluid w»as taken from vigorous cultures which con- 
tained numerous bacteria ; in others it was taken from old cultures which contained 
only a few* bacteria, and in still others it w^as taken from a fresh culture which con- 
tained veiy- few’ bacteria. Starch was added to the culture fluid in some of the 
tests. Obsen^ations w^ere made on three different species of paramecia, namely, 
caudatum, nucleafuni, and anrelia. The results obtained are essentially the same 
for the three species studied. 

The paramecia fed freely in all the solutions used. Some of the food-vacuoles 
formed contained, in addition to the culture fluid ingested, only bacteria, others 
chiefly starch, and still others fragments of cr^’stals, bacteria, and starch in various 
proportions. The fragments of crystals ingested ranged in size from irregular 
masses not much larger than the bacteria, to needle-like structures nearly half as 
long as the diameter of the paramecia. 

The largest fragments invariably punctured the w’all of the vacuole and passed 
out into the c}i:oplasm. Some of these were continuously observed under the oil- 
immersion objective for an hour or more. During this time they circulated several 
times around the body in the C}’toplasmic stream and were then ejected. A few 
“neutral-red granules” became attached to the surface but no perceptible change oc- 
curred in the crystals, either in color or in form. 

All the smaller fragments of crystals ingested remained in the food-vacuoles. 
These in most of the vacuoles did not change perceptibly and were ejected intact 
with the rest of the undigested substance. But those in some changed in color from 
brownish yellow to pink, and some of these rounded up and became nearly spherical. 
I did not see any disintegrate completely ; but the fact that they roimded up shows 
that they became plastic and that they probably had partially dissolved. 

These changes invariably occurred soon after the vacuoles had left the pharynx, 
but not until after they had decreased considerably in size. They occurred in vacu- 
oles which contained only a few bacteria as well as in those which contained many, 
but not in all, and they did not occur in any vacuoles which were well filled with 
starch grains and contained but little fluid, and consequently decreased but little in 
size. 

In acetate buffer solutions the crystals became pink immediately at pH 5 and 
lowrer, and dissolved in a few seconds. At pH 5.6 they became pink at the surface 
in 2 to 3 minutes and dissolved in 15 to 60 minutes. In hydrochloric acid, pH 4, 
they became pink at the surface immediately and dissolved in 10 to 20 minutes, but 
at pH 5 it required several minutes for them to become pink and more than 60 
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minutes for all to dissolve. Neutral-red crystals appear therefore to be consider- 
ably more readily soluble in acetate buffer solutions than in solutions of hydrochloric 
acid in distilled water. This difference seems to be correlated with the difference in 
the amoimt of buffers present. 

The fact that the crystals became pink and, at least partially, dissolved in a few 
minutes in some food-vacuoles and did not change perceptibly in others shows that 
the maximum hydrogen-ion concentration of the content of the vacuoles varies con- 
siderably. This variation seems to be, at least in part, due to difference in the ex- 
tent of the decrease in size of the vacuoles, for there was, as stated above, no change 
in the crystals in any of the vacuoles until after the vacuoles had decreased con- 
siderably in size. 

The fluid in the food-vacuoles is doubtless well buffered and consequently re- 
sembles acetate buffer solution in this respect. Therefore, the facts that in acetate 
buffer solution the crystals become pink at pH 5.6 and that in many of the food- 
vacuoles they do not become pink indicate that the hydrogen-ion concentration of 
the fluid in these vacuoles does not reach pH 5.6. The results presented below show, 
however, that the maximum acidity reached in other vacuoles is veiy' much higher. 

Ingested dyes 

The observations on ingested dyes were made as follows : A series of small test- 
tubes, containing some of the dye under consideration and appropriate buffer solu- 
tion which differed by pH 0.2 in successive tubes, was prepared. Then culture 
fluid containing paramecia and bacteria was mounted between tw'o parallel ridges 
of vaseline on a slide and dye or yeast-cells which had been stained by boiling in 
water containing dye, added. Then the preparation was covered with a cover-glass 
and the color of the content of the food-vacuoles formed, compared with that of 
the buffer in each of the test-tubes, and usually also with that of stained yeast-cells 
mounted respectively in buffer solution from each of the test-tubes. The hydrogen- 
ion concentration of the content of the food-vacuole w^as assumed to be that of the 
buffer and the stained yeast-cells in it, which it most nearly resembled. 

Neutral red {pH 6.8, red— pH 8, auburn) 

Three species of Paramecium were studied, caiidatum, nucleatmn, and aurelia. 
The results obtained were essentially the same in these three species. 

Owing to the activity of the paramecia, it was usually impossible to keep a given 
food-vacuole under observation for more than a few minutes, especially under high 
magnification. I succeeded howrever in continuously observing one vacuole under 
20 oculars and a 60 oil-immersion objective throughout practically its entire exist- 
ence. Since these observations are exceptional and the results obtained concern 
various important phenomena aside from changes in hydrogen-ion concentration, 
they will be presented in detail. 

The paramecium in w^hich this vacuole formed, had been for 24 hours in culture 
fluid containing numerous bacteria and neutral red in low concentration. When it 
w^as discovered there were scattered through the cytoplasm about a dozen food- 
vacuoles and numerous small red g^ranules or droplets often called "neutral-red 
granules.” The vacuoles varied greatly in size and color. Some were pinkish red. 
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others yellow and still others various shades between. The red granules were much 
more abundant in the region around the distal end of the pharynx than elsewhere. 
They were especially abundant near the distal end of the aboral surface of the 
phaiy-nx and the surface of the forming food-vacuole. There were so many gran- 
ules on these surfaces that they appeared to form a continuous layer. Some of the 
formed food-vacuoles were also w^ell covered w'ith granules but others had none 
at all. 

The food-vacuole under observation began to form about 3:11 p.m. It con- 
tained numerous bacteria and a small yellow neutral-red crystal which served ad- 
mirably to distinguish the vacuole from others in the body. The bacteria were 
swimming actively and the entire content of the vacuole rotated rapidly, owing to 
the action of the cilia which projected from the phaiyuix into it. The vacuole left 
the pharynx at 3 :12 p.m. and passed very rapidly nearly to the posterior end of the 
body. It turned approximately through 180° on the vray, created violent currents in 
the cj'toplasm and dragged numerous neutral-red granules after it. It was pear- 
shaped when it left the pharynx but became nearly spherical on the way to the 
posterior end of the body, i.e., in about one-fourth second. The bacteria and the 
fluid in it now appeared to be distinctly pinkish in color, but this was due to the red 
granules on the surface, for careful focusing showed that both the fluid and the 
bacteria in it were colorless. By 3 :12% p.m. the vacuole had decreased about one- 
fifth in diameter and the crystal had become spherical and crimson in color, but the 
bacteria were still colorless and active and the fluid was also still colorless. The 
cr>’stal had apparently partially dissolved and had become plastic. At 3:15 p.m. 
the bacteria were motionless and faintly pink in color, but the fluid was still colorless. 
No further change had occurred in the cr}'’stal and the surface of the vacuole was 
still well covered with neutral-red granules. Some of these granules were seen to 
leave and others to approach the surface. None passed into the vacuole. By 3 :17 
P.M. tjie vacuole had decreased nearly one-half in diameter and had moved forward 
considerably. The bacteria had become deep pink in color, but no perceptible 
change had occurred in the fluid or the crystal or in the number of neutral-red 
granules on the surface. At 3 :19 p.m. the diameter of the vacuole was only about 
one-fourth its original length. The bacteria were closely packed around the crim- 
son crystal, forming a dark pink mass closely surrounded by the vacuolar membrane 
which was still well covered with red granules. A few moments later the vacuole 
began to increase rapidly in size. At 3 :20 p.m. it had nearly reached its original 
size. During its enlargement the bacteria had become lighter in color, the fluid in 
the vacuole remained colorless and the neutral-red granules on the surface disap- 
peared. ^ By 3 j23 p.m. the bacteria had become colorless, considerably larger and in- 
definite in outline ^d the crystal had become nearly colorless. No further changes 
in color occurred in the content of this vacuole. None of it became yellow. This 
was doubtlep due to excessive dilution of the dye during the enlargement of the 
vacuole as indicated below. These results were confirmed by observations for 
shorter prenods on many other food-vacuoles in this preparation. 

In obseiwations on food-vacuoles in paramecia in other preparations, some of 
which contamed stained yeast-cells, the following was found : Under some conditions 
the content of the forming vacuole did not rotate, the bacteria were quiet and there 
^ no Brovmian movement. This indicates that the fluid in it was very viscous. 
The newly formed food-vacuoles were usually well covered with neutral-red gran- 
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ules, but occasionally there were only a few on the surface. Sometimes all the 
granules left the surface before the vacuole had decreased to minimum in size, but 
there was no indication that any entered the vacuoles. In preparations which con- 
tained but little neutral red, the neutral-red granules did not stain, but the bacteria 
in the food-vacuoles still became pink after they died. All but a few of the food- 
vacuoles observed were nearly spherical when they left the pharjmx, and all these 
rapidly became spherical after they had left. The rest were spindle-shaped when 
they left the pharynx. Most of these rounded up very slowly after they had left 
and a few of them probably did not become spherical at all. Nearly all the spindle- 
shaped vacuoles observed were formed in paramecia which had been subjected for 
twelve hours or longer to relatively strong solutions of neutral red. 

In most of the food-vacuoles observed a yellow hyaline layer formed at the sur- 
face, as the vacuoles enlarged after having decreased to minimum in size. This 
layer surrounded a red mass consisting of bacteria and other particles which gradu- 
ally became uniformly distributed and distinctly yellowish in color. In the rest of 
the vacuoles observed, no layer formed at the surface, the distribution of the bacteria 
and other particles keeping step with the enlargement of the vacuoles ; but the entire 
content of these vacuoles eventually became yellow, just as it did in those in which 
a layer had formed. 

Ordinarily the food-vacuoles, after they had enlarged, remained intact until 
their undigested content was eliminated ; but in a few instances two or more were 
seen to fuse, and some of the vacuoles thus formed were very large. 

The results presents show that there is great variation in all the phenomena ob- 
served in the food-vacuole, but that the change in the acidity of its content is closely 
correlated with change in its size. They indicate that, as the vacuole decreases 
in size, the hydrogen-ion concentration of its content increases in some instances 
to more than pH 4 and then (as it increases in size) decreases approximately to pH 
8. The colors of the neutral-red-containing buffers used in measuring the acidity of 
the neutral red stained content of the food-vacuoles, were however so indefinitely 
correlated with the acidity of the buffers that the results obtained are necessarily little 
more than crude approximations. 

The Maximum Acidity of the Content of the Food-Vacuole 
Congo red {pH 3, blue — pH 5, orange') 

As stated above, congo red has been used by several investigators to measure the 
maximum acidity of the content of the food-vacuole in Paramccumi and the con- 
clusions reached differ greatly. In attempting to elucidate this diversity I extended 
the observations which have been made, using Paramcciinn caudafiim, P, nucleatum, 
P. anrelia, and F. trichium. 

In specimens of P. candatum mounted in culture fluid containing numerous bac- 
teria and Congo red in excess, the following was found : The fluid in the newly formed 
food-vacuoles was light yellow, the undissolved particles of congo red, yellowish 
brown and the bacteria, colorless. As the vacuoles decreased in size after they had 
left the pharynx, the fluid in them decreased greatly in quantity and became light 
blue, the bacteria died and became dark blue and the particles of congo red became 
dark blue ; then as the vacuoles increased in size, the fluid in them increased greatly 
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in quantity and became orange, after which the bacteria and the particles of congo 
red soon also became orange, and remained so until they were eliminated* 

In some of these observations the paramecia, after having been a few minutes 
in the culture fluid containing bacteria and congo red, were transferred with as little 
fluid as possible, to a smear of polyvinyl alcohol on a slide and covered with a cover- 
glass. These paramecia became so quiet that they could readily be studied under 
high magnification. Some of them contained food- vacuoles in which all the changes 
described above were very’ distinctly seen. When these food-vacuoles had become 
minimum in size the color of their content resembled that of buffer pH 3.2. These 
results therefore indicate that the maximum acidity of the content of the food- 
vacuoles in Parameciiiin is approximately pH 3.2 and that this is reached when the 
vacuoles have decreased to minimum in size. These observations were repeated, 
but yeast-cells which had been stained with congo red were added to the preparations. 

The culture from which the paramecia were taken was pH 6.8. They were 
mounted in this fluid but NaOH was added to some of the preparations, so that a 
series was obtained which ranged from pH 6.8 to pH 9.8. The stained yeast-cells 
added were brilliant orange in color, and they remained so in all the preparations. 
The following results were obtained : 

There was no perceptible change in the color in the ingested yeast-cells in any of 
the preparations until after the food-vacuoles containing them had left the phar 3 nix 
and had decreased considerably in size. Then, in the preparations, pH 6.8-9, the 
yeast-cells in vacuoles which contained not more than about six, became sky-blue 
like buffer pH 3, as the vacuoles decreased in size and then, after the vacuoles had 
increased in size, brilliant orange again. If the food-vacuoles contained more than 
about six yeast-cells the extent of change in color from orange toward blue varied 
inversely with the number of cells in a vacuole. In those which were well filled with 
yeast-cells and consequently contained but little fluid, there was no appreciable 
change in color. These vacuoles decreased only slightly in size. The extent of 
change in color from orange toward blue, i.e., the increase in hydrogen-ion concen- 
tration, is therefore correlated with the number of yeast-cells in the vacuoles and the 
extent of the decrease in their size. 

In fluid at pH 9.4 many of the paramecia did not feed, and those which did formed 
food-vacuoles which were considerably smaller and contained fewer yeast-cells than 
those formed in ordinary culture fluid. The cells in some of these vacuoles did not 
appreciably change in color ; but those in others became definitely bluish, i.e., about 
like buffer pH 4. In fluid at pH 9.8 only a few of the paramecia fed and the food- 
vacuoles formed contained only a few yeast-cells. There was no perceptible change 
in color in any of these vacuoles, despite the fact that they contained only a few 
yeast-cells. This seems to show that the extent of change in color from orange 
toward blue depends upon the alkalinity of the fluid which is ingested with the yeast- 
cells. Thd fact, however, that no difference in the extent of change in color was ob- 
served in culture fluids which ranged from pH 6.8 to pH 9 indicates that this cor- 
relation is not very close. 

In some of the observations paramecia were used which had been transferred suc- 
cessively through ten separate portions of fresh sterile culture fluid so as to eliminate 
nearly all the bacteria. The yeast-cells ingested in this solution changed in color as 
extensively as those ingested in solutions which contained numerous bacteria. The 
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increase in the acidity of the fluid in the food-vacuoles is therefore not closely, if at 
all, correlated with the number of bacteria in it. 

There was no perceptible color in the fluid in the food-vacuole in any of tlie tests 
made with yeast-cells. 

The results obtained with P. nucleatum and P. aiirelia are essentially the same 
as those obtained with P. caudatiim, but those obtained with P. trichiian differed in 
that no change in color whatever was observed in the ingested yeast-cells. In this 
species the food-vacuoles usually contain only one yeast-cell when they leave the 
phar}"nx (never more than two) and very little fluid. They consequently change 
but little in size after they have left the pharynx. This is probably why there is no 
perceptible change in the color of the stained yeast-cells in them. 

The results obtained with Congo red therefore indicate that the maximum acidity 
of the content of the food-vacuole in Paramecium is approximately pH 3.2. This 
is in harmony with Bozler’s conclusion. Nirenstein and Kalmus contend however, 
as previously stated, that the maximum acidity is mucli higher. 

Nirenstein (1925) fotmd, just as Bozler had, that ingested congo-red-stained 
yeast-cells become blue in some food-vacuoles in Paramecium, but he contends that 
Bozler’s conclusion is erroneous. He put yeast-cells and coagulated egg albumen 
which had been stained orange with Congo red, respectively into different concen- 
trations of hydrochloric acid and found that, whereas a solution of Congo red in 
N/ICXX) (pH 3) HQ is blue, neither the yeast-cells nor the egg albumen changed 
color in concentrations lower than N/30 (pH 1.47) and did not actually become 
blue until N/10 (pH 1) was reached. He consequently concluded that since 
stained egg-albumen and yeast-cells became blue in some of the food-vacuoles, the 
acidity of the fluid in those vacuoles must have been approximately pH 1. Klalmus 
(1931) repeated Nirenstein’s observations and came to the same conclusion. 

I added yeast-cells and Congo red in excess to a series of Qark buffer solutions 
(pH 1-9) in test-tubes, heated them to boiling and then left them for 12 hours. At 
pH 2 and lower, the dye had precipitated, the fluid was very light purplish blue and 
the yeast-cells were not perceptibly stained. At pH 2.2 a few of the yeast-cells were 
slightly stained, light purple, the same shade as the fluid. At pH 3 the fluid was 
densely lavender and about one-half of the yeast-cells were st jpngly stained and the 
color was like that of the fluid. At pH 5 the fluid and all the yeast-cells were deep 
red. At pH 7 the fluid was the same color as at pH 5 but the yeast-cells were light 
orange. At pH 8 and higher the fluid was red but the yeast-cells were only slightly 
stained and light yellow in color. O^ngo red therefore appears to stain yeast-cells 
most readily in the neighborhood of pH 5. 

Some of the red yeast-cells in buffer pH 5 were transferred to a series of buffers 
(pH 1-3) containing congo red and examined from time to time for two hours. 
At pH 1 and 1.2 the yeast-cells became densely sky-blue, at pH 1.4 purplish blue, at 
pH 2 and 3 definitely purple.^ 

Some of the red yeast-cells from the pH 5 buffer were added to culture fluid 
containing numerous parameda. The yeast-cells were freely ingested. No change 
in color was observed in any of the food-vacuoles which were well filled with yeast- 

^ It is not clear why yeast-cells do not stain at all with Congo red at pH 1 and 1.2 but be- 
come densely blue at these hydrogen-ion concentrations if they are first stained at higher 
concentrations. 
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cells, but in some of those which contained only a few, they unquestionably became 
as blue as those in buffers pH 1 and 1 .2 and then, as the vacuoles increased in size, 
red again. In others they became purple of various shades so that all colors ob- 
tained in buffers pH 1-3 could be matched. 

These results appear therefore to support Nirenstein’s conclusion that the maxi- 
mum acidity of the content of some of the food-vacuoles in Paramecium is approxi- 
mately pH 1. The salt, protein and other errors for Congo red are however so 
great that Clark (1928) and others maintain that the results obtained with it can be 
considered only as crude approximations. Moreover, in measurements made with 
a glass electrode, I found that Congo red decreases the acidity of solutions and that 
in saturated solutions of congo red this decrease is great, i.e., from pH 3.06 to pH 
6.61 in N/1000 HCl. Nirenstein’s conclusion regarding the maximum acidity of 
the content of the food-vacuole, based on the assumption that congo red does not af- 
fect the acidity of solutions of hydrochloric acid, is consequently equivocal. I there- 
fore repeated the experiments on congo red described above, with thymol blue and 
meta cresol purple, both of which have only very small errors and only slightly af- 
fect the acidity of solution to which they are added. 

Thymol blue (pH 1,2, red — pH 2,7, yellow) and meta cresol purple (pH 1,2, red — 

pH 2,8, yellow) 

In buffer solutions containing thymol blue, yeast-cells stain most readily at pH 
3—5 and become lemon yellow. At pH 1—1.6 they do not stain perceptbily, but if 
yellow yeast-cells are put into these buffer solutions they become definitely pink of 
the same shade as the solutions. 

Paramecia ingest the stained yeast-cells freely except in preparations in which 
the dye is too concentrated or the fluid too strongly acid. In every preparation 
studied the density of the yellow color of the yeast-cells in the forming food-vacuoles 
increased considerably. This is doubtless due to increase in the concentration of 
the dye, owing to impermeability of the vacuolar membrane to it and loss of watefr. 
After the food- vacuoles had left the pharynx, tlie yeast-cells in most of the vacuoles 
remained yellow but in some in nearly every preparation they unquestionably 
changed color and became as pink as those in buffer pH 1.4, and then as the vacu- 
oles increased in size, yellow again. 

The results obtained \rith meta cresol purple are essentially the same as those 
obtained with thymol blue. The ingested, stained yeast-cells remained yellow in 
most of the food-vacuoles, but in some they changed color as the vacuoles decreased 
in size and clearly became as pink as those in the buffer pH 1.4, and then yellow 
again as the vacuoles enlarged. 

The results presented seem to demonstrate that while the maximum acidity of 
the content of the food-vacuoles in P aramecium differs enormously, it is at least as 
high as pH 1.4 in some of them. If this is true it is phenomenal, for culture fluid 
very much lower (even ^ low as pH 3.S) is instantly fatal to paramecia. The 
relatively Tiigh concentration of acid in the food-vacuole without injury to the ad- 
joining cytoplasm is convindi^f evidence in support of the contention presented 
above that the vacuolar membrane is impermeable to add. 
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The Maximum Alkalinity of the Content of the Food-Vacuole 

Four dyes were used in the observ'ations on the maximum alkalinity of the 
content of the food-vacuoles in Paramecium, nile blue (Grubler, 1915, pH 7, blue — 
pH 8, purple) ; phenol red (pH 6.8, yellow — ^pH 7.4, pink) ; brom thymol blue (pH 
6, yellow — ^pH 7.6, blue), and cresol red (pH 7.2, yellow — ^pH 8.8, red). The ob- 
servations made with congo red were repeated with each of these four dyes except 
that only two species (P. caudatum and P. nucleatiwi) were used and that the 
hydrogen-ion concentration of the culture fluid in w’hich the paramecia were 
mounted, extended over a wider range. No difference was observ^ed in the results 
obtained with the tvro species. 

Nile blue 

In the paramecia mounted in culture fluid containing nile blue, numerous food- 
vacuoles with many bacteria were formed in all the preparations except those which 
were so strongly alkaline that they were definitely toxic. These preparations were 
examined under low and high magnification from time to time for six hours. The 
content of the food-vacuoles was practically colorless until after the vacuoles had 
decreased considerably in size ; then the bacteria in them became deep sky-blue in 
all the preparations and appeared to be dead, but the fluid remained colorless. 
Later the vacuoles increased in size, but there was no appreciable change in the color 
of either the fluid or the bacteria in them. There was no indication of a change to 
a purplish tint in the content of any of them. The buffer solutions containing 
Griibler's nile blue were sky-blue at pH 6.8, slightly purplish at pH 7.2, and dis- 
tinctly purple at pH 7.6 and higher. The results presented, therefore, seem to show" 
that the content of the food-vacuoles certainly did not become as alkaline as pH 7.6 
in any of them, and probably not as alkaline as pH 7.2. 

Yeast-cells stained with nile blue w-ere mounted respectively in acid (pH 6.8) 
and alkaline (pH 8.6) culture fluids containing paramecia. The yeast-cells were 
freely ingested by the paramecia in all the preparations studied. In the acid culture 
fluid they were sky-blue and no perceptible change in color occurred as they passed 
through the body. In the alkaline culture fluid they wxre purple and they usually 
remained purple, but occasionally, if the food-vacuoles contained only one or two, 
they became blue as the vacuoles decreased in size and tlien purple again after they 
had enlarged. 

Some of the blue yeast-cells were mounted in each of the buffer solutions in the 
series prepared. They remained blue in all below pH 7.6 and became only slightly 
purplish at pH 7.8. The results presented above indicate, therefore, that the con- 
tent of some of the food-vacuoles formed in alkaline culture fluid became at least as 
alkaline as pH 7.8 ; but the fact that the yeast-cells became purple in only a Very small 
percentage of the food-vacuoles show"s that it rarely becomes as alkaline as tliis. 
However, the fact that the yeast-cells did not become purple in any of the vacuoles 
formed in acid culture fluid indicates that the maximum alkalinity of the content of 
the food-vacuoles is correlated with the hydrogen-ion concentration of the sur- 
rounding medium. 
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Phenol red 

Paramecia withstand a surprisingly strong solution of phenol red. If the 
solution is alkaline the cytoplasm becomes distinctly yellowish green. The bacteria 
in the culture fluid used containing phenol red were colorless and the fluid was yel- 
low or pink, depending upon the hydrogen-ion concentration. . In the food-vacuoles 
the bacteria, regardless of the hydrogen-ion concentration of the culture fluid, be- 
came dark yellow as the vacuoles decreased in size, but the fluid around them re- 
mained colorless. Then as the vacuoles enlarged the fluid and the bacteria be- 
came faintly but distinctly pink (pH 7.4) in some of them and colorless in the rest. 
These results are essentiallv in accord with those obtained by Shipley and DeGaris 
(1925). 

Stained yeast-cells became distinctly yellow in the acid and distinctly pink in 
the alkaline culture fluids used. In the food-vacuoles the pink yeast-cells became 
yellow and the yellow ones remained yellow as the vacuoles decreased in size, the 
fluid remained colorless. In about five percent of the vacuoles, especially those 
which contained only a few yeast-cells, both kinds became faintly but distinctly pink 
in color similar to stained yeast-cells in buffer pH 7.4, as the vacuoles enlarged. 
In the rest they remained either yellow or became colorless. No definite correla- 
tion between the hydrogen-ion concentration of the surrounding medium and the 
changes in the color of the content of the vacuoles was observed. 

These results indicate that the maximum alkalinity reached in the food-vacuoles 
varies greatly in different vacuoles but that it never exceeds pH 7.4. Phenol red is, 
however, not very satisfactory for the measurement of the hydrogen-ion concentra- 
tion of the content of food-vacuoles ; for the changes in color are rather indefinite 
and the color of buffer solutions is at best not closely correlated with their hydro- 
gen-ion concentration. 

Brom thymol blue 

The bacteria in the culture fluid, both acid and alkaline, containing brom thymol 
blue were colorless. They were consequently colorless when they entered the food- 
vacuoles. No changes in color in them or in the fluid around them was observed 
as they passed through the body. 

In the alkaline culture fluid used the stained yeast-cells became blue, and in the 
acid culture fluid yellow. The blue yeast-cells which were ingested became yellow 
almost immediately after the food-vacuoles left the pharynx, and in all the food-vacu- 
oles which contained more than about four, they remained yellow until they were 
eliminated or became colorless; but in the food-vacuoles which contained fewer 
than about four they became (after the vacuoles had enlarged) greenish blue, about 
the shade assumed by stained yeast-cells in buffer pH 7 or 7.2. No difference in 
shade was observed in the acid and the alkaline culture fluids used. 

These results indicate, therefore, that the maximum alkalinity attained by the 
content of the food-vacuoles is not greater than pH 7 or possibly 7.2, i.e., not so 
great as the results obtained with nile blue and phenol red indicate. Tji^ changes 
in the color of yeast-cells stained with brom thymol blue is, however, so elusive in 
the food-vacuoles that they indicate but little concerning the hydrogen-ion concentra- 
tion of the fluid around them. 
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Cresol red 

The bacteria in culture fluid containing cresol red were colorless when they were 
ingested, and no change in color was observed in them as they passed through the 
body. 

The stained yeast-cells became light yellow in the acid culture fluid used and 
light pink in the alkaline. In the food-vacuoles they remained or became yellow 
as the vacuoles decreased in size and then, with a very few exceptions, either be- 
came colorless or remained yellow until they 'were eliminated, i.e., they did not change 
color after the vacuole had enlarged. In a few instances, however, the yellow 
yeast-cells assumed a light pink color, about like buffer pH 7.8. 

It is evident that the results obtained with the four dyes used differ considerably. 
They seem to indicate however that the alkalinity of the content of some of the 
food-vacuoles is nearly, if not quite so high as pH 7.8 but that it is much lower 
in most of the vacuoles. They also indicate the maximum alkalinity varies some- 
what with the acidity of the fluid ingested. 

The Origin of the Acid and the Base in the Food- Vacuole 

It is widely held that the acid and the base in the food-vacuole are secreted by 
the adjoining C 3 rtoplasm (Greenwood and Saunders, 1894; Nirenstein, 1905; Lund, 
1914; Howland, 1928 ; Claff et al., 1941 ; and others). Ho’wwer, Mast (1942) con- 
cludes that in Amoeba the acid originates in the vacuoles and increases in concentra- 
tion o'wing to impermeability of the vacuolar membrane to the acid and loss of 
water, and that the subsequent increase in alkalinity is due to diffusion of alkaline 
fluid from the cytoplasm into the vacuoles, that is, that ^‘the cytoplasm secretes neither 
acid nor base.” And Mast and Bowen (1944) conclude that in the Peritricha, 
“The increase in the acidity of the content of the vacuole is probably due to the 
production of acid, owing to metabolism in the peristome, the vestibulum and the 
phar 3 mx and impermeability of the vacuolar membrane to organic acid, resulting in 
its retention and consequent concentration as the vacuole decreases in size.” Mast 
and Bowen (p. 213) present strong evidence in support of their conclusion. This 
evidence applies equally well to the food-vacuoles in Paramecium and leads to the 
same conclusion. It should be emphasized, however, that secretion of acid by the 
C3d:oplasm adjoining the vestibulum and the pharynx is by no means ruled out. 

The increase in alkalinity in the food-’vacuole in Paramecium is doubtless 
brought about in the same way as it is in the Peritricha, i.e., by entrance of alkaline 
fluid from the c 3 rtoplasm. According to these -views the cytoplasm adjoining the 
food-vacuoles does not secrete either acid or base. 

The Function of the Changes in the Hydrogen-ion Concentration 

IN THE FoOD-VaCUOLE 

It is maintained by Hemmeter (1896), Nirenstein (1925), Howland (1928), 
and Qaff et al. (1941) that the organisms ingested by protozoa are killed by the 
add in the food-vacuoles and that this is its primary if not its only function. There 
is, however, strong opposition to these contentions. 

Fortner (1933) holds that in Paramecium caudatum the ingested organisms are 
killed by a toxic substance. He asserts that this substance is formed in the neutral- 
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red granides, and that these granules pass through the vacuolar membrane into the 
food-vacuole shortly after it has left the pharynx, and release the substance there. 

These assertions are certainly not strictly valid, for as demonstrated above, the 
neutral-red granules do not enter the food- vacuole. It might be, however, that 
since some of them are in close contact with the vacuolar membrane when the food- 
vacuole leaves the phatymx, toxic substance diffuses from them into the vacuole and 
kills the ingested organisms. It is however far more likely that if toxic substance 
is involved in this phenomenon, it is secreted by the wall of the pharynx and taken 
up by the fluid which passes into the forming food-vacuoles, and that it there (owing 
to impermeability of the vacuolar membrane and loss of water) increases in con- 
centration and consequently becomes lethal. At any rate, there is much evidence 
that the pharynx secretes substances which pass into the forming food-vacuole. 

Fortner (1933) found that if numerous crushed bacteria are added to culture 
fluid containing live bacteria and paramecia the ingested bacteria are not killed, and 
that the vacuoles, as pre\iously stated, do not decrease in size. This seems to show 
that death of the bacteria depends upon decrease in the size of the vacuoles. If this 
is true, it lends support to the hypothesis that the bacteria in the food-vacuole are 
killed by toxic substance which has been concentrated in the food-vacuoles owing 
to loss of water and impermeability of the vacuolar membrane to the toxic substance. 

Mast (1942) in observations on Amoeba and Mast and Bowen (1944) in ob- 
sen’ations on the Peritricha present strong evidence that the acid in the food-vacuoles 
in these protozoa does not become sufficiently concentrated to kill the ingested or- 
ganisms and the results presented above seem to show that tliis also obtains for most 
of the food-vacuoles in Paramecium, Mast concludes that in Amoeba the primary 
lethal factor in the food- vacuole is reduction of oxygen, owing to respiration and loss 
of water, and Mast and Bowen accept this view in reference to the Peritricha, but 
they present no evidence in support of it and none was obtained in the present ob- 
servations on Paramecium, 

No one has observed any indication of digestion in the food-vacuole during its 
acid phase. Nirenstein (1905) thinks, however, that there are invisible preliminary 
changes. However tliis may be, it is practically certain that the osmotic concen- 
tration of the fluid in the vacuole increases greatly during this phase, and it may well 
be that this is caused by hydrolysis of complex compounds, owing to the presence of 
acid, and that this causes the rapid inflow of fluid from the cytoplasm, which probably 
contains digestive tnzymts. If this is true, the acid in the food-vacuoles obviously 
functions, at least indirectly, in digestion. There are consequently several hypothe- 
ses concemit^ the function of the acid in the food-vacuole but there is not much 
evidence in support of any of them. 

It has been conclusively demonstrated that digestion in tlie protozoa takes place 
largely, if not entirely, in the food-vacuoles during the alkaline phase, but since this 
phase seems to be merely the result Of inflow of fluid from the C3rtoplasm, digestion 
is not correlated with anything in the nature of secretion of alkaline substance. 

/ 

Digestion 

Nirenstein (1905) made detailed observations on bacteria, yolk granules, fat 
globules, and starch grains in the food-vacuoles in Paramecium caudaium. He says 
he observed no indication of digestion in any of these substances until after the fluid 
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in the vacuoles had become alkaline, but that after this had occurred the bacteria and 
the yolk granules gradually decreased in number and finally disappeared entirely and 
some of the starch grains corroded. He was at this time in doubt about the fate of 
the fat globules, but he later (1910) presented evidence which strongly indicates 
that fat is hydrolyzed in the food-vacuoles. 

Nirenstein’s views concerning the time of digestion in the food-vacuoles in 
Paramecium and the digestion of proteins have been adequately confirmed; his con- 
tention that paramecia digest starch is supported by results obtained by Pring- 
sheim (1928) and Zingher (1933) in observation on Paramecium caudatum; and 
his contention that they digest fat is indirectly supported by results obtained by 
Dawson and Belkin (1929), Mast (1938), and Wilber (1942) in observations on 
Amoeba and Pelomyxa. 

I repeated Nirenstein’s observations and obtained results which are in harmony 
with his. It should be emphasized, however, that in my experiments only a very 
small proportion of the starch (wheat and potato) ingested by the paramecia was 
digested. Observations by Greenwood (1886), Meissner (1888), and Mast and 
Hahnert (1935) indicate that this also obtains for Amoeba. Indeed, it is doubtful 
whether in this organism any starch is digested except that which is in other organ- 
isms which have been ingested. 

The Origin of the Digestive Enzymes and the Function of the Neijtral- 
Red Granules and the Mitochondria 

The fact that protein, starch and fat are digested in the food-vacuoles in Para- 
mecium shows that these vacuoles contain peptidase, amylase, and lipase, and the fact 
that digestion does not begin until after the fluid in the vacuole has become alkaline 
shows that these enzymes are active in a basic medium. The questions now arise 
as to where these enz)rmes originate and how they get into the food-vacuoles. 

Prowazek (1898) who, in observations on paramecia, discovered the neutral- 
red granules and their tendency to aggregate at the surface of the forming food- 
vacuole, maintains that they contain digestive enzymes. He consequently called 
them “Fennenttrager”. He offers no explanation as to how the postulated enzymes 
in the granules get into the vacuole, but Nirenstein (1905) who accepts Prowazdc’s 
contentions, holds that the granules pass through the vacuolar membrane and carry 
the enzymes into the vacuole. He asserts that, in paramecia in culture fluid con- 
taining neutral red, he observed red granules appear in food-vacuoles shortly after 
they had left the phar>Tix. He consequently concluded that the red granules in the 
food-vacuoles came from the cytoplasm and passed through the vacuolar membrane 
into the food-vacuoles and that the enz^Tnes in the vacuoles are carried in by these 
granules. 

These conclusions are supported by Rees (1922), Bozler (1924), Fortner 
(1926), Volkonsky (1929), Muller (1932), and MacLennan (1941, p. 129). All 
these investigators hold that in Paramecium the neutral-red granules actually pass 
through the vacuolar membrane and carry enzymes into the food-vacuoles. None of 
them, however, maintains that he saw Ais. Their contention is based largely on 
Nirenstein’s observation of the appearance of red granules in the food-vacuoles. 
It is, however, obvious that these granules may have entered the food-vacuoles by 
way of the phaiymx. The evidence in support of the contention that neutral-red 
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granules pass from the cytoplasm into the food-vacuoles in Paramecium is therefore 
ver}' weak. There is, hovrever, evidence which strongly indicates that in some other 
organisms neutral-red staining substance actually passes from the cytoplasm into 
the food-vacuoles. 

MacLennan (1936) asserts that in Ichthyophthirius neutral-red staining sub- 
stance becomes attached to particles of food which are naked in the cytoplasm, that 
these particles aggregate, and that a membrane then forms, enclosing them, to- 
gether with some fluid, in a vacuole. He thinks that the neutral-red staining sub- 
stance contains digestive en 2 ymes. Hopkins and Warner (1946) hold similar views 
regarding the food-vacuoles in Entamoeba histolytica and they maintain, moreover, 
that they actually saw globules pass through the vacuolar membrane into and out of 
the food-vacuoles. 

The idea that granules or globules carry enzymes into the food-vacuoles, is con- 
sequently widely held. There is, however, evidence which very strongly indicates 
that this does not obtain in Paramecium. 

Khainsky (1911) studied the food-vacuole of Paramecium caudatum in fixed 
and stained specimens and in living specimens. He obtained no evidence which in- 
dicates that granules or globules pass from the cytoplasm into the food-vacuoles. 
He maintains, however, that neutral-red staining globules form in the vacuole and 
pass out through the vacuolar membrane. Koehring (1930) made extensive ob- 
servations on neutral-red granules in various protozoa. She concludes that they 
function as enz 3 nne carriers in all, but that they do not enter the food-vacuoles. 
Referring to Paramecium caudatum she says (p. 67) : *‘As the new vacuole is being 
foimed they [the neutral-red granules] gather at the membrane, bombarding it like 
hailstones, but making no impression on the firm surface. Then as this vacuole 
flow’s away attached by its canal . . . some of the granules leave this vacuole and 
return to the next, which is already in the process of formation. Those left con- 
tinue bombardment of the vacuole as the pink color slowly forms within.” 

Dunihue (1931) asserts that in Paramecium caudatum the surface of the form- 
ing food-vacuoles becomes ""closely packed” with neutral-red staining globules 
which remain firmly attached throughout most of the digestive period” and do not 
enter the vacuoles. 

As stated in a preceding section, I made under most favorable conditions in- 
tensive observations on the neutral-red granules at the surface of food-vacuoles 
throughout their entire existence and obtained no evidence indicating that visible 
granules or globules of any kind ever pass through the vacuolar membrane into 
or out of the food-vacuoles in Paramecium. What, then, was the origin of the 
red granules observed by Nirenstein in the food-vacuoles in Paramecium? 

These granules doubtless originated in substance ingested by the paramecia. At 
any rate it has been clearly demonstrated that this occurs in Amoeba proteus (Mast 
and Hahnert, 1935; Mast and Doyle, 1935). It can therefore be concluded that 
the neutral-red granules found in the cytoplasm in Paramecium do not enter the food- 
^^cuoles. This does not, however, demonstrate that they are not involved in diges- 
tion. If they contain enzymes it may be that in aggr^ting at the surface of the 
food-vacuoles the concentration of enzymes is increased and that this facilitates their 
Affusion into the vacuoles. The facts, however, that there is a marked flow of 
fluid out of the vacuole during the entire time that the aggregation of these granules 
is prominent and that most of the granules usually leave the surface of the vacuoles 
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long before digestion begins, seem to militate against this possibility. Moreover, 
Hall and Dunihue (1931) and Mast and Bowen (1944) found that in Vorticella 
and other Peritricha the neutral-red granules do not aggregate at the surface of the 
food-vacuoles, and Mast (1926) found that in Amoeba there are none. They are 
therefore certainly not functional in digestion in the latter and very probably not in 
the former. The evidence in support of the contention that they function in diges- 
tion in Paramecmm is therefore negligible. WTiat, then, is their function in this 
organism ? 

Fortner (1926, 1928) maintains that they originate in the C3rtoplasm adjoining 
the nucleus, that they contain protein and fat, and that they decrease greatly in 
number during starvation. If these contentions are valid, the composition of the 
granules and their disappearance seem to suggest that they are reserve food ; but, 
if this is what they are, why do they originate near the nucleus, and why do they 
aggregate at the surface of the food-vacuole during its formation? The function 
of the neutral-red granules in Paramecium is apparently still decidedly hazy. 

Homing (1926a) contends that in Amoeba sp. janus-green staining bodies 
(mitochondria) aggregate among particles of food in the cytoplasm and that a mem- 
brane then forms and encloses the food and the mitochondria in a vacuole. He says 
that in Paramecium sp, mitochondria “are extmded from the cell protoplasm 
[through the vacuolar membrane] into the food vacuoles’* during the alkaline phase. 
He concludes that the mitochondria in these protozoa function in carrying digestive 
en2)anes to the ingested food. Volkonsky (1934) does not agree with Homing. 
He maintains that the mitochondria do not enter the food-vacuoles and that they do 
not take part in digestion in protozoa. 

As stated above, I was unable to see any particles pass from the cytoplasm into the 
food-vacuoles in Paramecium, Hall and Nigrelli (1930) could not obtain any e\n- 
dence of mitochondria in the food-vacuoles in Vorticella^ and Mast and Doyle (1935) 
in an intensive study of the movement of the mitochondria in Amoeba proteiis under 
very favorable conditions concluded that they do not pass into the food-vacuoles. 
They found that the mitochondria move about in the cytoplasm freely and often 
come in contact with the surface of the food-vacuoles in all stages of development and 
at times form aggregations at the surface, but that none pass into the vacuoles. 
These observations and others led them to conclude that the mitochondria in Amoeba 
“probably function in transferring substances from place to place in the c>^oplasm.” 

Holter and Kopac (1937) maintain that in centrifuged specimens of Amoeba 
proteus, the mitochondria are in a fairly well defined stratum but that the enzyme, 
peptidase, is not stratified. They consequently conclude that this enzyme is not 
associated with mitochondria. However, Holter and Doyle (1938) in similar tests 
found that amylase and mitochondria in Amoeba tend to accumulate in the same 
stratum. These results seem to indicate that this enzyme is attached to the mito- 
chondria. The authors do not, however, hold that this association is proved. 

The evidence in support of the contention that the mitochondria and the neutral- 
red granules in Paramecium are enzyme carriers is therefore, as yet, far from con- 
vincing. Where, then, do the digestive enzymes in the food-vacuoles come from? 

Some doubtless come from the organisms and other substances which have been 
ingested and the rest are, I think, as previously stated, carried from the C3rtoplasm 
into the vacuoles with the fluid that enters during the rapid enlargement of the vacu- 
oles at the banning of the alkaline phase. Where and how the enzymes in the 
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cytoplasm originate is not known. Fortner (1926), as stated above, maintains that 
the neutral-red granules are formed in the c}^oplasm adjoining the nucleus. He 
holds that the enzymes are closely associated with these granules and consequently 
concludes that they also originate in this region. The validity of the contention that 
the enzymes are closely associated with the neutral-red granules is, however, very 
doubtful. The evidence in support of Fortner’s conclusion is, therefore, very weak. 
It is knowm however that in Chilouwnas paraincciim enzymes are S 3 mthesized in the 
protoplasm, for this organism can be grown on knowm simple chemical compounds 
(Mast and Pace, 1933), but how and w’here they are synthesized and what they are, 
chemically, is not known, and this can also be said of the enzymes in other protozoa. 

Summary 

1. The feeding apparatus in Paramecium consists of a shallow ciliated groove, a 
ciliated tube which leads into the body, and a bundle of fibers (esophageal fibers) 
which extend from the tube nearly to the posterior end of the body. The tube is 
composed of an outer part (the vestibulum) and an inner part (the pharynx). 

2. Paramecia ingest all sorts of small particles, but more digestible than in- 
digestible ones. Selection takes place in the vestibulum and the proximal end of 
the pharynx. 

3. In forming a food-vacuole, the cilia in the pharynx force fluid with particles 
in suspension against the membrane over the distal opening of the phar 3 mx, pro- 
ducing a sac, the esophageal sac. 

4. As the esophageal sac enlarges, the particles in suspension in it become greatly 
concentrated, owing largely, if not entirely, to the passage of water out through the 
membrane into the C)rtoplasm. 

5. A portion of this sac is constricted off, as a food-vacuole, probably by the 
action of the esophageal fibers. 

6. The initiation of the constriction of the sac is probably due to periodicity in 
the constrictive action of the fibers, the size of the sac, and the composition of its 
contents. 

7. There is much variability in the size of the food-vacuoles. This is correlated 
with the quantity and the quality of the particles in the surrounding fluid, the chem- 
ical composition of this fluid, the rate of ingestion, the rate of loss of water from the 
esophageal sac, and the length of the intervals betw^een consecutive constrictions of 
the esophageal fibers. The frequency of formation of food-vacuoles is correlated 
with the quantity and the quality of the particles in the surrounding fluid and the 
acidity, and the temperature of this fluid. The shape of the food-vacuoles depends 
largely, if not entirely, upon the viscosity of their content. 

8. After the food-vacuole has left the pharynx it passes rapidly on a fixed course 
toward the posterior end of the body, and slowly on a varied course to the anus. 
The former is probably due to the action of the esophageal fibers ; the latter is due 
to cyclosis. 

9. On its course through the body, the food-vacuole usually decreases greatly 
in size, and the acidity of its content increases greatly ; then it enlarges very rapidly 
and the acidity of its content decreases greatly. The extent of these changes varies 
enormously. Under some conditions there are no perceptible changes ; under others 
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the acidity in some vacuoles increases to a maximum at least as high as pH 1.4 and 
then decreases approximately to pH 7.8. 

10. There is no “preliminary alkaline phase” of the food-vacuole. 

11. The change in acidity is definitely correlated with change in size. The 
changes in size are due to difference bet^^’een internal and external osmotic concen- 
tration and the action of the stretched vacuolar membrane. The increase in acidity" 
is probably due to secretion of acid by the cytoplasm adjoining the vestibulum and the 
pharynx and to impermeability of the vacuolar membrane to hydrogen-ions, and loss 
of water. The decrease in acidity is due to entrance of alkaline fluid from the C 3 rto- 
plasm. 

12. The increase in acidity probably causes h 3 “drolysis and thereby increase in 
osmotic concentration resulting in inflow of fluid containing digestive enzymes. 

13. Death of ingested living organisms is probably largely due to toxic substance 
produced by the phaiy-nx and concentrated in the food-vacuole, owning to imperme- 
ability of the vacuolar membrane to it, and loss of water. 

14. Paramecia digest protein, fat, and starch. Digestion takes place during the 
alkaline phase of the food-vacuole. The enzj-mes involved originate in the cytoplasm 
and are carried into the food-vacuole by the c>’toplasmic fluid which enters during 
its rapid enlargement. 

15. The neutral-red granules and the mitochondria are probably not involved in 
digestion. 

16. All these phenomena are essentially the same in the four species studied, 
namely P. caudatum, P, nucleaium, P, aurelia, and F. frichimn. 
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POISONING AND RECOVERY IN BARNACLES AND MUSSELS ^ 

GEORGE L. CLARKE 

Woods Hole Oceanographic Institution ^ and Hansard University, Ca^nhridge, Mass. 

Introduction 

Previous investigations have shown that the prevention of the attachment of 
organisms to ships’ hulls by antifouling paint is related to the rate of solution of the 
toxic material, and hence, to its concentration in the sea water at the paint’s surface 
(Ketchum, Ferry, Redfield, Bums, 1945). The present investigation was under- 
taken to test the effectiveness of different metallic salts as poisons for two important 
types of fouling organisms and to evaluate them under conditions in which the con- 
centration and ionic form of the toxic materials were accurately known. In earlier 
attempts to test lethal action, supposedly toxic materials have been incorporated in 
paints applied to test-panels or to the inside surfaces of containers and the degree of 
fouling resistance noted, but in most cases no adequate measure was made of the 
concentrations of the toxics which -were actually emitted by the paint. In other 
tests, fouling organisms were placed in containers of sea water to which known 
amounts of toxics had been added but without adequate knowledge of the ionic 
transformation of the toxics vrhich ensue in the presence of sea water (Bray, 1919; 
Edmondson and Ingram, 1939; Orton, 192^0; and Parker, 1924). 

We proposed, therefore, to conduct direct tests of the action of various individual 
metals in graded concentrations and in different chemical forms, on two important 
types of fouling organisms ; namely, barnacles and mussels. We desired also to in- 
vestigate the relationship between the concentration of various toxics and the ex- 
posure time necessary to kill, in order to ascertain the most efficient concentration 
of the poison for the destruction of fouling organisms. 

A second purpose was to follow the course of poisoning and recover}" in barnacles 
and mussels when copper was used as the poison. It was desired to measure the 
amount of copper in the tissues and to discover whether death from copper poisoning 
was brought about specifically by the accumulation of a certain amount of the poison 
in the tissues or by the entrance of the copper into the body at a certain rate or for 
a critical period of time. Finally, it -was desired to ascertain from how great a dose 
of copper an animal could recover, and to learn vrhether, after recovery, the animal 
was more or less susceptible to subsequent exposures of the toxic. 

I am indebted to Mrs. Da}’ton Carritt for assistance in carrying out the experi- 
ments, to Mrs. Barbara Mott Ferry for chemical analyses, to Dr. John Ferry and 
Dr. Gordon Riley for furnishing toxics, and to Mr. Porter Smith for technical as- 
sistance. I am indebted to the University of Miami for the use of facilities at the 

^This investigation was made for the Woods Hole Oceanographic Institution under con- 
tract with the Bureau of Ships, Navy Department, which has given permission for its pub- 
lication. The opinions presented here are those of the author and do not necessarily reflect 
the official opinion of the Navy Department or the naval service at large. 

^ Contribution Number 360. 
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Marine Laboratory. I also wish to thank Dr. Walton Smith and Dr. Charles 
Pomerat for valuable cooperation. 

Observations on Adult Barnacles and Mussels 

The effectiveness of various poisons was investigated first using the barnacle as 
a test animal, since the barnacle is generally the most serious offender as a fouling 
organism. Adult barnacles were employed for the majority of the experiments at 
Woods Hole, but one set of tests A^as conducted on nauplii which had been dis- 
charged in a laboratory tank. Although attachment of the barnacle takes place pre- 
vious to the adult stage, there is evidence that a poisoned barnacle is less securely 
attached than a normal animal and may be more easily dislodged. Special interest 
centers about the poisoning of the cyprid, since this is the attaching stage. In view 
of the fact that cyprids could not be obtained in sufficient numbers at Woods Hole, 
experiments on this stage were conducted at Miami Beach, Florida. Mussels, 
which are of relatively large size, were found advantageous for other tests, especi- 
ally those involving the copper assay of living tissue. 

Source and preparation of material 

Certain of the present tests were carried out with Balanus balanoides growing on 
stones obtained near low tide mark at Woods Hole. In later tests Balanus eburneus 
was employed, obtained through the kindness of Dr. Stanley Cobb, from a wharf in 
Cotuit Harbor. Parts of the wharf were removed and transported to the laboratory 
tanks. The barnacles were kindly identified by Dr. Richard McLean. 

For the experiments with B, balanoides the material was collected on the same 
day that the tests were begun. Single stones bearing 10 to 30 barnacles (ranging 
from 3 mm. to 10 mm. in diameter) were placed in individual beakers or culture 
dishes containing from 250 cc. to 500 cc. of sea water with or without toxic. For 
the work using S. eburneus, a stock of animals attached to fragments of wood was 
maintained in large battery jars provided with running sea water. In preparation 
for the tests it was necessary to split and saw the pieces of wood into blocks of con- 
venient dimensions. Blocks about 4 cm. to 6 cm. square, each bearing 10 to 20 
barnacles ranging from 4 mm. to 20 mm. in diameter, were similarly placed in indi- 
vidual containers. In other experiments larger blocks bearing several hundred 
barnacles were placed in battery jars of 8 liters capacity or more. 

With both species of barnacles it was found that when the sea water was re- 
newed daily, the animals in the individual containers remained in a healthy condition 
for several weeks. There were evidently enough food particles in the sea water 
supplied to provide a maintenance diet. Faecal materii was produced in abun- 
dance but the bamades grew little, if at all. 

The mussels employed were Ihe common species in the Woods Hole region, 
Mytilus edulis, obtained from the dock and float of the Oceanographic Institution. 
The mussds were placed individually or in batches in culture dishes or large battery 
jars. The animals began attaching their byssus threads to the bottoms or sides of 
the containers almost immediately. If the sea w’ater was renewed each day, the 
mussels continued in healthy condition indefinitely, apparently obtaining suffident 
nutriment from the food particles present in the sea water. 
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Behavior during poisoning 

When barnacles were placed in the toxic media, they opened their shells and be- 
gan raking or filtering the water with their cirri as soon as did the controls in fresh 
sea water. Ordinarily this took place within a few minutes. If the concentration 
of the poison was such as to kill the barnacle within two or three days, the animals 
would begin to show signs of bad condition after about 12 hours. The first symptom 
was the slowing down of the beat of the cirri and soon thereafter their sweep became 
reduced in extent. As poisoning progressed, the movement of the cirri became 
still slower and more curtailed until they opened to only one-half or one-quarter of 
their usual scope. When the poisoned barnacle stopped filtering, it tended to come 
to rest with the cirri half extended, in contrast to the healthy animal in which the 
cirri are drawn completely in and the shell tightly closed during rest. In the 
poisoned animal, the shell could at first be caused to close by prodding it with a 
needle. After further poisoning, when no response could be elicited by stimulation 
vdth the needle, the barnacle was considered dead. The following symbols are used 
in the tables to designate these conditions : 

++++ normal rapid sweep of drri 

+ 4- 4- full sweep but slow 

4-4- incomplete sweep 

4- open, inactive, but reacts to touch 

0 dead 

If the barnacle was replaced in fresh sea water (preferably running sea water) 
within a day of the time it reached the next to last condition (-h), it would usually 
recover completely its full activity after a few days. 

In the case of the mussel, the change in condition as poisoning progressed was 
less easily observed. In the higher concentrations of the toxics, the animals failed 
to attach themselves to the walls of the containers and tended to remain closed for 
long periods. When placed in weaker solutions, however, many of the mussels be- 
came strongly attached and remained with their shells open to the normal extent to 
allow the inflow and outflow of water. In either case, after poisoning had progressed 
to a certain point, the valves were found gaping wide open. When this condition 
was first reached, the animal responded to prodding by closing slowly. A day later, 
or less, no response would follow such stimulation and the animal was considered 
dead. Once the mussel reached the stage in which it gaped open more than normal, 
though it might still react, it would not recover when placed in fresh sea water. 
In fact, mussels were frequently observed to die many days after having been trans- 
ferred from the toxic solution into fresh sea water although outwardly they appeared 
to be in normal condition in the interim. 

Toxicity of various metallic salts to barnacles 

The toxicity of the following metals was investigated : copper, mercury, silver, 
and zinc. The last three of these was tested as the ions which resulted from the 
introduction into the sea water of HgQa, AgSO*, and Zn (N08)2 respectively. The 
copper, on the other hand, was tested not only in the form of basic cupric carbonate, 
but also as cupric citrate, cupric tartrate, cupric salicylate, and cupric para amino- 
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benzoate. The interest in these other compounds of copper lies partly in the pos- 
sibilit}^ of revealing important differences in toxicity. Of further significance is 
the fact that these substances are much more soluble in sea water than is basic 
cupric carbonate. Therefore, when copper is supplied in the form of these more 
soluble ions, it is possible to establish a high concentration of the toxic in the water 
adjacent to the surface from which the material is free to dissolve. 

Indi\dduals of Balanus balanoides were placed in beakers or jars containing 
graded concentrations of toxics in sea water with a control for each series. Since 
the media were renewed each day, the danger of significant changes in concentra- 
tion due to such causes as adsorption was minimized. The minimum concentrations 
necessary to kill 90 per cent of the barnacles after continuous exposures of two days 
and five days are indicated in Table I. Among the various forms of copper, the 

Table I 


The concentrations of various metallic salts necessary to kill 90 per cent of adult barnacles after 
continuous exposures for the indicated periods. Concentrations are expressed 
as milligrams of metal per liter of sea water 




ConcentratioxL 

Concentration 


Toxic 

lethal in 

lethal in 



2 days 

5 days 



xng./liter 

mg./liter 

Series I 

Basic Cu Carbonate 

0,35 



Basic Cu Carbonate 

0.48 

— 

Balanus balanoides 

Cu Citrate 

0.60 

0.18 

from 

Cu Citrate 

0.60 

0.30 

Woods Hole harbor 

Cu Tartrate 

0.58 

0.17 


HgQ. 

1.0 

0.5 



0.4 

0.2 


Zn(NO0. 

32. 

8.0 

Series II 

Basic Cu Carbonate 


0.14 

Balanus eburneus 

Cu citrate 


0.14 

from 

Cu salicylate 

0.90 


Cotuit harbor 

Cu para aminobenzoate 

— 

0.50 


basic cupric carbonate was the most effective but the concentrations of the citrate 
and tartrate necessary to kill were only slightly greater. The toxicity of silver as 
silver sulphate was of the same order of magnitude but somewhat greater concen- 
trations of mercury as mercuric chloride were required. The effectiveness of zinc, 
on the other hand, w^as very much less than any of the other substances tested (cf., 
Riley, 1943). 

Experiments with Balanus ebumeus indicated similarly that the lethal action of 
cupric citrate is somewhat less than that of basic cupric carbonate although the 
magnitude of the difference is not great. The toxicity of cupric salicylate and cu- 
pric aminobenzoate were somewhat less than the citrate. 

In view of die fact that the toxicity of cupric citrate was found to be almost as 
gpreat as that of basic cupric carbonate, and since stock solutions of higher and less 
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variable concentrations could be maintained, the tests which follow were conducted 
with the citrate. 

Relation between concentration oj cupric citrate and killing time 

Barnacles 

With the higher concentrations of cupric citrate in vrhich killing occurred within 
a few days, adult barnacles all succumbed at about the same time, but at the lower 
concentration it was difficult to determine accurately when the barnacles should be 
considered dead. At still greater dilutions of the toxic, it was found that most of the 
animals lived on in a feeble condition for tw’o or three weeks or more. Further- 
more, there was considerable variation from experiment to experiment, which was 
no doubt due not only to individual differences in the batches of barnacles, but also 



Figure 1. The relation between killing time and concentration of toxic for two 

species of barnacles. 


to unavoidable changes in the seasonal condition and in the age of the aninials. 
No fATiaist pr it trend appeared in relation to the latter conditions excq)t that barnacles 
in the nauplius stage were killed much more quickly than the adults, as noted below. 

For both B. balanoides and B. ebumeus, the killing time ranged between two and 
five days for concentrations of 0.60 to 1.00 mg. Cu/liter. At 0.22 mg./liter the 
animals succumbed after ten days. At concentrations of 0.06 ir^./liter and less, the 
anitnal.g remained alive for two weeks or more. When the reciprocal of the killii^ 
time was plotted against the concentration, as in Figure 1, a roughly linear relation 
was found. The approximate linearity of this rdation indicates that the rate of 
action of the poison is directly proportional to its concentration. 

The results of a series of tests on the poisoning of nauplii, made on the day of 
their release from the brood poach, are shown in Table II. They indicate that the 
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Table II 

Effect of concentration of cupric citrate on the survival of nauplii of BaJanus eburneus, 

August 25-27, 1942 


Concentration 
mg. Cu/hter 

After 22 hrs. 

After 29 hrs. 

After 48 hrs. 

1.00 

all dead 



— 

0.50 

all dead 

— 

— 

0.25 

all dead 

— 

— 

0.13 

75% alive 

all dead 

— 

0.06 

75% alive 

50% alive 

1% alive 

0.03 

100% alive 

95% alive 

5% alive 

Control 

100% alive 

95% alive 

i 5% alive 

Control 

100% alive 

95% alive 

10% alive 


nauplii are killed after much shorter exposure than is the case with the adults. The 
test was not very satisfactory because the controls lived for only about two days. 

Mussels 

The experiments on the mussel, Mytilus cdidis, indicate that it is much more sen- 
sitive to cupric citrate than the barnacle (Tables III and IV). A half-day ex- 
posure to 0.55 mg. Cu/liter was sufficient to kill the three mussels in this concentra- 
tion. One animal in each of the experiments succumbed following a half-day ex- 
posure to a concentration of only 0.14 mg, Cu/liter. With adult barnacles, ex- 
posures of two days and five days are required for killing at these concentrations. 
In these tests, and in many others with mussels, death did not ensue until several 
days after the animals had been transferred to fresh sea water. In one case the 
mussel did not die until the tenth day following a half-day exposure to the poison. 
In most cases the animals showed no outward sign of unhealthy condition in the 
interim. 


Table III 


Relation of killing time to concentration of cupric citrate in the mussel, Mytilus edulis. In each test 
three animals {about 3 cm, long) were placed in each toxic solution for the periods 
indicated and then transferred to fresh sea water. Started August 6, 1942 


Concentration 
mg. Cu/liter 

Time in t<»dc 
days 

Killing time 
days 

0.55 

i 

4, 8, 10 


1 

2, 3, 4 


2 

2. 3, 3 


3 

2, 3, 3 

0.14 

i 

4 » * 

9 


1 

3, 3. 4 


2 

3, 4. 4 


3 

3,4, 4 


* Still alive when experiment terminated on August 18. 
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Table IV 


Relation of killing time to concentration of cupric citrate in the mussel^ MytUus edidis. In each test 
two animals {about 3 cm. long) were placed in each toxic solution for the periods indi- 
cated and then transferred to fresh sea water. Started August 10 ^ 1942 


Concentration 
mg. Cu/liter 

Time in toxic 
days 

Killing time 
days 

0.14 

i 

5, * 


1 

3, 4 

0.08 

i 

* * 


1 

4c 


2 

6, 8 

0.04 

\ 

* * 
t 


1 

* * 
t 


2 

* V 

1 


3 

8, * 

0.02 

1 

* * 
t 


2 

* * 

t 


4 

* * 
t 


* Still alive when experiment terminated on August 20. 


Accumulation oj copper in barnacle tissues during poisoning and recovery 

Several series of experiments were undertaken to determine the extent to which 
copper accumulated in the tissues of the barnacles subjected to solutions of cupric 
citrate. Since the shell material of the barnacle is several times greater in volume 
and many times greater in dry weight than the soft tissues, a technique was devel- 
oped for the copper assay of both constituent parts of the animal separately. The 
number of barnacles used for a single analysis varied from 15 to 40 with the size and 
expected copper content. In the earlier experiments, the animals were chiseled free 
from the substratum, but in so doing all the fluid material was lost, and bits of 
broken shell were sometimes included with the soft parts. In the later experiments 
the soft tissues were taken from the shell without disengaging the animals from the 
substratum by removing the operculum and picking out the soft parts with forceps. 
The fluid material, which was removed with a pipette, and the tissues w^ere then 
placed in a weighed Erlenmeyer flask. In the case of mussels, a much smaller num- 
ber of animals was used. The relatively large amount of sea water within the mantle 
cavity of the mussel was drained oflF and discarded before removing the soft parts. 

The wet weight of the soft tissues of barnacles and mussels was obtained and the 
approximate volume of die wet tissue was determined by forcing it into a graduated 
cylinder.® The material w^as transferred quantitatively to a flask, dried in an oven 
at 100® C., and the dry w’eight determined. Enough H 2 SO 4 w’as added to char the 
material. It was heated to fumes on a hot plate, and concentrated HNO3 w^as added 
dropwise until a colorless solution "was obtained. The solution in the flask was 
transferred quantitatively to a 100 cc. volumetric flask and diluted to the mark. 
Test for copper was made by the carbamate method (Coulson, 1937). A blank to 
which the same amount of reagent was added w^as also carried through the above 
procedures. In the analysis of barnacle shells, the w’et weight of the shells was first 

® In the early experiments, volume in cubic centimeters alone was determined, but was sub- 
sequently found to be very nearly equal to the wet weight in grams. 
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determined. The shells were then dried in the oven at 100° C. overnight and the dry 
weight determined. The material vrzs ignited in the muffle furnace at 800°— 900° C. 
for three hours, removed and cooled. Two cubic centimeters of concentrated HQ 
were added, warming if necessary to dissolve.^ The remainder of the analysis fol- 
lowed the same procedure as with the soft tissues. 

Determinations revealed that the amount of copper in the shell tissue of both 
normal and poisoned barnacles was quite variable. There was also no consistent 
change in the copper content of the shells in the case of batches of poisoned barnacles 
with increasing amounts of copper in the soft tissues. Accordingly, in the later 
experiments the laborious and rather imsatisfactory copper assay of the shells was 
omitted. 

The copper content of barnacles freshly brought into the laboratory is many times 
greater than an equal volume or an equal weight of sea water (Table V). Evi- 
dently under natural conditions, the bamade tends to accumulate copper in its 
tissues to a considerable extent. 


Table V 

Copper content of freshly collected barnacles 
Woods Hole sea water contains 0.00001 to 0.00003 Tng.jcc. 





Copx>er in soft parts 

Copper in shells 

Species 

Source 

Number 







mg. 

mg./cc.* 


mg. 

mg./cc. 


Balanus 

Cotuit, July 28 

m 




0.141 

0.027 


eburneus 

Cotuit, July 28 





0.097 

0.014 




■ 

mg. ' 

1 „*?*•/*• 
Wet wt. 

mg./g. 
Dry wt. 

mg. 

n^f./g. 
Wet wt. 

mg./g. 
Dry wt. 

Balanus 

Cotuit, Aug. 20 

50 

0.015 



0.007 



eburneus 

Cotuit, Aug. 20 

' 40 

0.010 

0.0019 

0.014 


— 



Cotuit, Sept. 12 

30 

0.016 



B 

— 


Balanus 

Woods Hole, July 


0.029 


0.104 

B 

0.0070 


balanoides 

Buzzards Ba}' 

50 

0.023 


0.068 


0.0065 



* May be assumed equivalent to mg./g. wet weight. 


In experiments designed to test whether barnacles could accumulate copper in 
their tissues, it was found that the amount of copper present increased rapidly for 
each day that the animals remained in the toxic solution. At the end of four days of 
continuous poisoning in the two concentrations used, all the animals were dead 
(Blocks A and C, Tables VI and VII). However, in those cases in which the bar- 
nacles were transferred to fresh sea water after one or two days, the animals were 
restored to what appeared to be a healthy condition.® Analysis of the tissues of 
the barnacles which had been replaced in fresh sea water showed that the animals 
had not only recovered their activity but also had eliminated a certain amount of 
copper. These barnacles still contained, however, as much as twenty-five times 
the amoimt of copper found in their tissues before poisoning began. 

^ If an excess of CaCO* remained, more acid was added until evolution of CO# ceased. 

®The recovery of Bugula larvae from copper poisoning was reported by Miller and Cupp 
(1942) and Miller (1946). 
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Table VI 

Changes in copper content of soft tissues during poisoning and recovery 

Toxic: Cupric citrate, cone, 0.20 mg. Culliter 
Test Animal: Balanus eburneus 
Date: August 3-8, 1942 

Basis: Copper content per cubic centimeter of soft tissue * 


Block A 


Block B 


Initial copper content 

0.010 mg. 

Initial copper content 

0.010 mg. 

After 1 day in toxic 

0.034 mg. 

After 1 day in toxic 

0.034 mg. 

After 2 days in toxic 

0.070 mg. 

After 1 day in sea water 

0.033 mg. 

After 3 days in toxic 

0,093 mg. 

After 2 days in sea water 

0.030 mg. 

After 4 days in toxic 

0.112 mg. 

After 3 days in sea water 
After 4 days in sea water 

0.035 mg. 

0.026 mg. 

Condition at end — dead 

Condition at end — open, inactive 
but reacts to touch 


* May be assumed equivalent to wet weight. 


Table VII 

Changes in copper content of soft tissues after varying exposures to toxic and after recovery 

Toxic: Cupric citrate, cone. 0.35 mg. Culliter 
Test Animal: Balanus eburneus 
Date: August 10-17, 1942 

Basis: Copper content per cubic centimeter of soft tissue * 


Block C 

Block D 

Blocks 

Initial Cu content 0.002 mg. 

After 1 day in toxic 0.024 mg. 
After 2 days in toxic 0.073 mg. 
After 3 days in toxic 0.089 mg. 
After 4 days in toxic 0.075 mg. 

Condition at end — dead. 

Initial Cu content 0.002 mg. 

After 1 day In toxic 0.024 mg. 

After 2 days in tmde 0.073 mg. 

After 1 day in sea water 0.056 mg. 

After 9 days in sea water 0.054 mg. 

Condition at end — cirri give incom- 
plete sweep or full sweep but slow. 

Initial Cu content 0.002 rag. 

After 1 day in toxic 0.024 mg. 

After 1 day in sea water 0.029 mg. 

After 6 days in sea water 0.022 mg. 

Condition at end — ^normal rapid 
sweep of dm. 


* May be assumed equivalent to wet weight. 


These indications that barnacles can take up relatively large quantities of copper 
without being killed and can eliminate the poison to a certain extent were con- 
firmed by more elaborate experiments which were designed primarily to test the 
effects of the toxic and of different periods of exposure and of recovery (Tables 
VIII to XI).* These experiments demonstrated that barnacles took up copper 

• In these experiments the dry weight of the soft tissues to be analyzed was determined and 
the copper content stated on the more accurate basis of milligrams of copper per gira of dry 
weight The dry weight for the soft parts of the barnacle was found to be about S ^r cent 
to 20 per cent of the wet weight Since this g^oup of experiments was conducted during late 
ciTmm.r and autumn, there exists the possibility ftat the results may not be strictly comparable 
with the earlier work. The bamades tested were necessarily older and larger, and were no 
doubt in a different physiological condition. It was noted that the animals became less active as 
the progress^ and bv late autumn they tended to r^in clo^ for long perux^ This 

last fact alone would be expected to cause an important difference in the rate at which toxic 
was ahertrW In general, the animals tended to survive longer in high concentrations of toxic 
in the autumn than they had in the summer. 
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Table VIII 

Comparison of changes in copper content of soft tissues during continuous exposure to low concen- 
tration of toxic and intermittent exposure to higher concentration 

Toxic: Cupric citrate^ Block F: 0.14 mg. Cull.; Block G: 0.22 mg. Cu/l. 

Test Animal: Balanus eburneus 

Date: August 24 to September 28, 1942 

Basis: Copper content per gram of dry weight of soft tissue 

Exposure times indicated for toxic are cumulative totals 


Block F 

Block G 

Initial cx>pper content 

0.014 mg. 

Initial copper content 

0.008 mg. 

After 1 day in toxic 

0.05 

mg. 

After 1 day in toxic 

0.037 mg. 

After 2 days in toxic 

0.08 

mg. 

(Replaced in sea water for 1 day) 

— 

After 7 days in toxic 

0.33 

mg. 

After 2 days in toxic 

0.095 mg. 

After 15 days in toxic 

1.09 

mg. 

(Replaced in sea water for 1 day) 

— 

(Replaced in fresh sea water) 



After 3 days in toxic 

0.18 mg. 

After 18 days in sea water 

0.39 

mg. 

(Replaced in sea water for 6 days) 

— 



After 4 days in toxic 

0.23 mg. 
(0.19 mg.)* 





(Replaced in sea water for 7 days) 

0.17 mg. 




After 7 days in toxic 

0.48 mg. 



1 

(Replaced in sea water for 16 days) 

0.51 mg. 

Condition at end — ^full but slow sweep 

Condition at end — ^full but slow sweep 

of cirri 



1 of cirri 



* Batch of dead barnacles. 


faster from the more concentrated toxic media. With the slower rate of absorption 
at the lower concentrations, the* animals appeared to withstand higher amounts of 
copper in their tissues. Thus the highest copper content observed for living bar- 
nacles, namely, 1.09 mg. per g. dry weight, was found after fifteen days in 0.14 mg. 
Cu/liter cupric citrate (Table VIII, Block F). In cases in which large amounts 
of copper were absorbed the barnacles tended to live longer and to remain in better 
condition when periods in sea water were alternated with periods in the toxic 
medium. 

In cases where the copper content was determined for the dead barnacles, which 
were found among the living individuals in increasing number as the experiment 
progressed, it was almost "invariably true that the amount of copper present was 
less than that for the li\4ng specimens from the same block. This observation 
suggests diat the entrance of copper and its fixation in the tissues of the barnacle is 
not simply a mechanical process of diffusion or adsorption but is a process which 
is influenced in some "way by the metabolic reactions of the living organisms. 

Due to the facts considered above, it is not possible to arrive at any definite 
value for an absolute amount of copper which must be absorbed by the barnacle 
to kill it, nor at any rate of absorption above which death will ensue. The results 
suggest that killing may not be due to the destruction of some vital substance or 
process by the direct action of the copper as much as to a general depressing action 
of the toxic on some function, such as the feeding reaction, to the extent that death 
eventually follows. 
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Table IX 

Comparison of changes in copper content of soft tissues during continuous and intermittent exposures 
to high concentration of toxic and continuous exposure to lower concentration 

Toxic: Block H — Cupric citrate 0.75 mg. Cull, Continuous 
Block 1 — Cupric citrate 0.35 mg. Cull, Continuous 
Block J Cupric citrate 0.75 mg. Cull. Alternating daily with sea water 
Test Animal: Balanus ehurneus 
Date: September Z1 to October 14, 1942 
Basis: Copper content per ^am of dry weight of soft tissue 


Block H 


Initial Cu content 
After 2 days in toxic 
After 4 days in toxic 
After 6 days in toxic 
After 7 days in toxic 
After 8 days in toxic 
After 11 days in toxic 


0.016 

mg. 

0.17 

mg. 

0.30 

mg. 

0.38 

mg. 

(0.33 

mg.)' 

0.48 

mg. 

(0.84 

mg.)’ 


Block I 


Initial Cu content 

0.016 

mg. 

After 3 days in toxic 

0.13 

mg. 

After 6 days in toxic 

0.25 

mg. 

After 9 days in toxic 

0.32 

mg. 

After 11 days in toxic 

0.76 

mg. 

After 14 days in toxic 

(0.39 

mg.)* 

After 14 days in toxic 

0.49 

mg. 

After 18 days in toxic 

(0.43 

mg.)* 

After 18 days in toxic 

0.60 

mg. 


Block! 


Initial Cu content 
After 2 days in toxic, 
After 4 days in toxic, 
After 6 days in toxic. 
After 8 days in toxic, 
After 8 days in toxic, 
After 10 days in toxic, 
After 12 days in toxic, 
After 12 da>"s in toxic. 


1 day in sea water 
3 days in sea water 

6 days in sea water 

7 days in sea water 

8 days in sea water 

9 days in sea water 
11 days in sea water 
1 1 days in sea water 


0.016 

mg. 

0.16 

mg. 

0.13 

mg. 

0.31 

mg. 

0.42 

mg. 

0.25 

mg. 

0.48 

mg. 

0.50 

mg. 

(0.48 

mg.) 


* Batch of dead barnacles. 


Table X 


Changes in copper content of soft tissues during recovery from various exposures to toxic 

Toxic: Cupric citrate 0.75 mg. Cull. 

Test Animal: B. ehurneus 

Date: October 21-November 12, 1942 

Basis: Copper content per gram of dry weight of soft tissue 



Treatment 

Copper content 

Condition 

Block L 

After 3 days in toxic 

0.38 mg. 



After 10 days in sea water 


+ 


After 14 days in sea water 

0.21 mg. 

4- 

Block M 

After 6 days in toxic 

0.38 mg. 

-f 


After 7 days in sea water 

0.36 mg. 

4" 


After 14 days in sea water 

0.40 mg. 

4- + 

Block N 

After 9 days in toaic 

0.58 mg. 

0+ 


After 9 da3re in toxic 

(0.39 mg.) 

dead individuals 


After 7 days in sea water 

0.43 mg. 

+ 


After 14 days in sea water 

0.39 mg. 

++ 
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No barnacles were found to have been killed by the absorption of less than 0.19 
mg. of copper per g. of dry weight — an amount which is ten or more times the normal 
content of the tissues. In many cases animals succumbed after about 0.4 mg. per 
gram of dry weight had been taken up by the tissues. In no case did the barnacles 
absorb more than 1.09 mg. of copper per gram of dry weight. Barnacles which had 
accumulated copper from toxic solutions to the extent of 0.5 mg. to 1.09 mg./g. dry 
weight, in some cases revived when replaced in fresh sea water and were still alive 
two or three weeks later. At the end of the period, when they had regained normal, 
or nearly normal, activity, they contained 0.3 to 0.5 mg. of copper per g. of dry 

Table XI 

Changes in copper content of soft tissues during recovery from 
exposures at high concentrations of toxic 

Toxic: Block 0 — Cupric citrate 0,90 mg. Cull. 

Block Q — Cupric citrate 0.75 mg. Cujl. 

Test Animal: B. eburnesus 

Date: October 21-November 21, 1942 

Basis: Copper content per gram of dry weight of soft tissue 


] 

Treatment 

1 

Copper content 

Condition 

Block 0 

After 8 days in toxic 

0.52 mg. 

O-h 


After 8 days in toxic 

(0.48 mg.) 

dead individuals 


After 8 days in sea water 

0.42 mg. 

0+ 

Block Q 

After 9 days in toxic 

0.53 mg. 

0-i- 


After 9 days in toxic 

(0.35 mg.) 

dead individuals 


After 8 days in sea "water 

0.40 mg. 

+ 


After 15 days in sea water 

0.35 mg. 



weight. In most instances the barnacles eliminated copper from their tissues, es- 
pecially in cases where a high concentration had been accumulated. Although the 
copper which had been absorbed was never entirely eliminated, and although the 
process was slower than for accumulation, the experiments show that barnacles have 
some ability to rid their tissues of copper. 

Accumulation of copper in mussel tissue during poisoning and recovery 

To determine the amount of copper taken up by the tissues of the mussel when 
subjected to copper solutions, groups of 25 mussels were placed in various con- 
centrations of cupric citrate and were later transferred to fresh sea water after in- 
creasing periods of time. The media were renewed every day. The copper con- 
tent of 20 fresh animals from the same source was assayed at the beginning of the 
experiment and batches of three to five animals were withdrawn from the various 
groups for copper assay after the indicated number of days during poisoning and 
during recovery (Table XII). 

The initial copper content of the mussel tissue was 0.0109 n^. per gram of dry 
weight, roughly the same as for the barnacle. Since the wet weight of the soft 
parts of the mussel was similarly found to be about ten times the dry weight, it is 
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clear that the fresh mussel also contains many times the concentration of copper 
present in the sea water. 

After the first day in the toxic media, the mussels in the more concentrated solu- 
tions had taken up six to eight times liieir original amount of copper, but in the 
weaker solutions, there was no consistent increase in copper content until after an ex- 
posure of three days. The group of mussels (Group 4) in the weakest solution had 
absorbed only about two and one-half times their initial copper content after five 
days — or less than half the amount the Group 1 mussels had absorbed in one day in a 
solution five times as strong. In addition, the mussels were found to be able to rid 
their tissues of copper effectively. One day’s sojourn in fresh sea water was suffi- 

Table XII 

Changes tn copper content of soft tissues of mussel during poisoning and recovery 
Toxic: Cupric citrate 

Test Animal: Mytilus edulis, 25 animals (5 cm. long) m each group 
Date: August 19 to September 5, 1942 

Basis: Copper content in milligrams per gram of dry weight of soft tissue 


Exposure to toxic solution began August 19. The line marks the time when mussels 
were transferred to fresh sea water 


Group 

Concen- 
tration 
of Cu 
atrate 
mg. Cu/L 

No. of 
days in 
toxic 

Content on mdicated date 


Aug. 21 

Aug 22 

Aug 23 

Aug. 24 

Aug 25 

Aug 26 

Sept. 5 

1 

0.120 

1 

0.066 

0.0196 







♦ 





2a 


1 

— 

0.0135 

— 

— 

0.017 

— 

— 

0.0085 

2b 


2 

0.084 

0.031 

0.023 

— 

— 

— 

— 

0.0077 

3 


3 

0.0076 



0.024 

0.018 

— 

— 



4 

mmM 

5 

0.0135 

— 

0.021 


0.025 1 

0.029 




Control 

0 

0 

0.0109 



■ 






* Condition on August 25: Group 1 — all dead 
Group 2a — 9 dead 
Group 2b — 10 dead 
Group 3 — ^3 dead 
Group 4 — 4 dead 

No further deaths to September 5. 

dent to reduce the amount of copper in the mussels from the strongest solutions by 
more than 70 per cent. In cases where longer exposures were employed (although 
in lower concentrations) more time seemed to be required for the elimination of 
the copper — ^perhaps because it had penetrated to deeper tissues. At the end of 
about two weeks in sea water, the copper content of the mussel tissue was back to 
normal — a fact quite in contrast to the situation with the barnacle. 

In spite of the fact that after one day in sea water the copper content of the Group 
1 mussels had been reduced at least to the amount reached by the mussels in the 
weaker solutions, all the animals in this group died within five days. Some ir- 
reparable damage had been done by the single day’s exposure to the high concen- 
tration of the toxic. In the lower concentrations only three to four animals died 
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despite exposures to the toxic for three to five times as long. It is possible that the 
mussels in the lower concentrations could eliminate copper from vital tissues as fast 
as it tended to enter. 

Although the values obtained in this single experiment are somewhat irregular, 
two important differences are indicated by the results as compared with the results 
obtained with barnacles. At the same concentrations, the exposures which are lethal 
to mussels are considerably shorter than for barnacles. Similarly the mussels suc- 
cumbed after accumulating amounts of copper in their tissues which were much lower 
than was the case with barnacles. 

Tests on the Poisoning of Cypkeds 

During January”, 1943, experiments -were undertaken at Miami Beach, Florida, 
on the poisoning of bamades in the c}T)rid stage. Especial interest centered on these 
observations because the c}^rid is the stage in which the animal first attaches it- 
self to the substratum. It is the opinion of many that once a barnacle becomes at- 
tached, it can be killed only with great difficulty and that even if it is killed, the shell 
does not drop off but remains firmly attached. Actually, attachment takes place 
in tw’o steps : first, the attachment of the antennae of the cyprid, following which 
metamorphosis is begun ; and second, the attachment of the base of the barnacle after 
metamorphosis has been completed. 

Cyprids were obtained by suspending glass microscope slides in Biscayne Bay 
overnight. The cyprids were presumed to be those of Balanus improznsus, which 
is the commonest adult barnacle in the neighborhood. The slides were brought into 
the laboratory where the following details in the development of the cyprids were 
observed. 

The c}’prids are originally attached by their antennae. About 5 or 6 hours after 
attachment, the animal undergoes metamorphosis in the course of which the cyprid 
shell is moulted and the animal emerges as a more or less round body still adhering 
to the substratum by the original attachment which now appears as the center of 
the convex base of the animal. 

As development proceeds the base of the animal, -which was at first freely mov- 
able, tends to flatten and to be pressed against the substratum. About 24 hours 
after metamorphosis the base is completely flattened with relatively sharp edges. 
A pulsation of the central parts of the animal has begun by this time, and the oper- 
culum may open, but no cirri are extended. The base is not caused to move by the 
activity of the animal, as before, but any part of it, except the original central point 
of attachment, is easily dislodged by pressure with a needle. 

After another 24 hours, the cirri may be extended and filter actively, and the 
main area of the base begins to adhere to the substratum. At first the base merely 
gives the impression of being sticky ; later it becomes attached with sufficient firm- 
ness so that it cannot be dislodged -without tearing the tissue. Not until the third 
day or later does hard material (presumably calcium carbonate) begin to appear in 
the base. 

The attachment of the C 3 ^rid by its antennae takes place quickly, and the original 
attaching structure remains in existence at least until calcification begins. The at- 
tachment of the base of the newly metamorphosed barnacle is a slow process which 
provides only weak adhesion at first but which finally supplies a permanent and 
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Table XIII 

Rffect of differ ent concentrations of cupric citrate in preventing the metamorphosis of 
barnacle cyprids attached to glass slides 


Species: probably Balanus improvisus 


Concentration 
mg. Cu/liter 

Number of 
cypnds exposed 

Number of cyprids 
which metamorphosed 

116. 

6 

2 (moult incomplete) 

58. 

6 

3 (moult incomplete) 

23. 

4 

4 

9.7 

3 

3 

4.9 

2 

2 

0.93 

11 

11 

0.47 

9 

9 

0.23 

5 

5 

0.12 

9 

9 


firmly cemented calcareous structure. Poisoning of the barnacle could theoreti- 
cally be accomplished either in the attached cyprid stage or as a newly metamor- 
phosed animal before the calcification of the base. 

The susceptibility of the cyprid to poisoning was investigated by placing cyprids 
attached to glass slides in solutions of cupric citrate (Table XIII) and of mercuric 
chloride (Table XIV). In the case of the copper solutions, the cyprids metamor- 
phosed successfully in concentrations as great as 23 mg. Cu/1 and solutions as 
strong as 116 mg. Cu/1 were only partially inhibitory. Concentrations about 100 
times greater than those ordinarily tolerated by adult barnacles, therefore, were not 
capable of killing the C 3 rprids before they completed their metamorphosis. 

In the case of the mercury solutions, although an inhibitory effect was observed 
at a lower concentration (16.6 mg. Hg/liter) than for copper, much higher concen- 
trations of the toxic were required to prevent metamorphosis than would ordinarily 
kill adult barnacles. 

Failure to kill the C 3 rprid may be due to an unusually high resistance of the animal 
to poison in this stage or to the relative shortness of the period between attachment 
and metamorphosis, or both. From these results it is probable that the metamor- 
phosis of the attached cyprid cannot be stopped by any concentration of toxic which 
could practically be obtained from a paint. 

Table XIV 

Effect of differ erU concentration of mercuric chloride in pr eventing the metamorphosis 
of barnacle cyprids attached to glass slides 

Species: probably Balanus improvisus 


Toxic solution 
mg. Hg/liter 

Number of 
cyprids exposed 

Number whidi metamorphosed 

83. 

5 

0 

16.6 

6 

3 (moult incomplete) 

3.3 

6 

6 

0.66 

9 

9 

0.17 

7 

7 

0.09 

10 

10 




88 


GEORGE L. CLARKE 


The susceptibility to poisoning of the newly metamorphosed barnacle was tested 
in a similar fashion by placing slides bearing animals in this stage in solutions of 
cupric citrate (Table XV). Much lower concentrations of copper were required 
to kill the newly metamorphosed barnacle than was necessary to prevent the cyprids 
from carrjdng out their metamorphosis. The relation between killing time and con- 
centration is roughly of the same order of magnitude as observed for adult barnacles 
at Woods Hole. There is some indication, however, that the newly metamorphosed 
animals are slightly more resistant, as concentrations of 0.23 mg. Cu/1 to 0.47 mg. 
Cu/1 were required to kill in five days in contrast to concentrations of only 0.14 to 
0,30 mg. Cu/1 for the older animals. 

Although recently metamorphosed barnacles survived for several days in con- 
centrations of cupric citrate of 0.12 mg. Cu/1 or lower, their development was veiy^ 
materially retarded. In the stronger solutions the base remained in the rounded 

Table XV 

RelaUon of hilling time to concentration of cupric citrate in barnacles 
which had just completed metamorphosis 


Species: probably Balanus improvisus 


Concentration 
mg. Cu/Uter 

Killing time 
days 

9.7 

1 

4.9 

1-2 

0.97 

3 

0.93 

3-4 

0.47 

5 

0.23 

5 

0.20 

7 

0.12 

10 


condition, and in concentrations down to at least 0.20 mg. Cu/1 the base never 
became calcified nor rigidly cemented to the substratum, although it might become 
flattened and adhesive. 

In a small number of tests reported subsequent to this investigation by Pyefinch 
and Mott (1944), free swimming C 3 q)rids of Balanus balanoides were Idlled in 24 
hours by 0.5 to 1.0 p.p.m. copper from cupric sulphate. Metamorphosis was com- 
pleted in concentrations up to 7 p.p.m. but after metamorphosis the barnacles 
w^ere killed in 3 days by 0.5 p.p.m. Mercury from mercuric chloride was found to 
be more toxic than copper. These fesults agree very satisfactorily with ours. 

At still lower concentrations of copper, in the present experiments, a complete 
change in the effect of the metal evidently comes about, for development was ac- 
celerated. Animals in the lowest concentration tested, namely 0.06 mg. Cu/1, 
reached the stage of active filtering with their cirri in less than 48 hours after 
metamorphosis, although the controls did not attain this stage until about 2 days 
later. It appears that a small amoimt of copper acted as a stimulant to development, 
and that larger amounts of copper retarded development even though they may be 
insufficient to kill the animals outright. 
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Discussion 

Adult barnacles, and perhaps young stages also, can absorb ten to possibly one 
hundred times as much copper as their tissues normally contain without apparent 
injury. They can eliminate a certain amount of this material also. Therefore, 
when copper is used as a toxic in an antifouling paint, a substance is employed 
which can be taken up wdth impunity in relatively large quantities by the bar- 
nacle and to a lesser extent by the mussel. The animals can recover from the effects 
of this poison, to a certain extent at least, when again bathed by fresh sea water. 

In some cases mussels which had received a lethal dose of poison remained in an 
apparent healthy condition for several days after being replaced in fresh sea water 
before dying. No such latent period was observed in the experiments with 
barnacles. 

Possibly related to the facts just considered is the indication that the action of 
copper as a poison is not so much the direct destruction of some tissue or vital 
material in the barnacle as a general retardation of life processes. In the case of the 
adult barnacle, subjection to copper solutions causes a slowing and eventual cessation 
of the filtering activity of the cirri. In the case of the newly metamorphosed stages, 
not only is movement inhibited but development is seriously retarded as well. Much 
more satisfactory as a poison would be some substance which struck directly and 
irreversibly at some vital point in the animal and which could not be eliminated from 
the tissues. With such an ideal poison, barnacles which received only small doses, 
due to unavoidable dilution, would eventually be killed w'hen a lethal amount of the 
material had accumulated. We have shown that wdth copper, sublethal doses may 
possibly stimulate development and certainly may allow subsequent recover}’. Evi- 
dence that copper may stimulate the attachment of larvae has been reported by 
Prytherch (1934) for the oyster and by Miller (1946) for Bugida. 

The relative vulnerability of the various steps in the attachment and growth of 
barnacles has been revealed by this investigation. The original idea that barnacles 
could be eliminated from a ship’s hull only by preventing their initial attachment is 
partly right and partly vrrong. As explained above, the attachment actually takes 
place in two steps. There is little promise of using poison successfully to prevent 
the first step, namely the attachment of the cyprid by its antennae, since this ap- 
parently takes place in a matter of minutes. However, we should not lose sight of 
the very important, but as yet unrealized, possibility of finding a substratum to- 
ward which the cyprid w’ould display an avoiding reaction or to which the cement 
of the antennae -would not adhere.^ 

Our tests have demonstrated the practical impossibility of preventing by poison 
tlie metamorphosis of the cyprid or of killing it during the process. This con- 
clusion is substantiated by the results of Pyefinch and Mott ( 1944) and is in agree- 
ment with their statement: “Settlement and metamorphosis can take place on a 
paint in other respects anti-fouling though death of the barnacle occurs after meta- 
morphosis.” Similarly, at the other end of the life cycle, after the adult bamade has 
attained any considerable size, it can be poisoned only with great difficulty for the 
reasons already discussed. 

In certain tests under laboratory conditions, Pyefinch and Mott (1944) found that cyprids 
failed to settle in concentrations of copper as low as 0.03 p.pjn. 
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There remains, however, the possibility of effectively preventing the second 
step in the attachment process, namely the permanent cementing of the base of the 
newly metamorphosed animal to the substratum. Although a long exposure to 
copper or a high concentration is necessary to kill the barnacle outright at this stage, 
moderate concentrations of poison tend to retard development and possibly to pre- 
vent the formation of the calcareous base, or the cement for this base, with the re- 
sult that the young barnacle never succeeds in establishing a firm attachment, and 
hence is eventually displaced. The newly metamorphosed stage, therefore, appears 
to be the most vulnerable to copper poisoning. 

The indication is, then, that copper paints act by preventing attachment but do 
so chiefly during the second step of the process through interference with the final 
cementing of the base of the metamorphosed barnacle to its substratum. 

Summary 

1. Direct tests were performed on the concentrations and exposures of a variety 
of metallic salts necessary to kill barnacles. The toxicities of mercury, cupric 
citrate, cupric tartrate, cupric salicylate, and cupric aminobenzoate were found to be 
slightly less than the toxicity of basic cupric carbonate. The toxicity of silver is 
about equal to that of basic cupric carbonate, but the toxicity of zinc is very much 
less. 

2. The rate of killing of barnacles by cupric citrate is proportional to the concen- 
tration of the toxic over the range tested. 

3. An extremely high concentration of copper or of mercury salts was necessary 
to prevent the metamorphosis of cyprids attached to glass plates. The results show 
the difficulty of preventing the initial attachment of cyprids, or their metamorphosis, 
by the use of copper paints. 

4. Moderate concentrations of cupric citrate seriously retard the development of 
the newly metamorphosed barnacles and prevent the second step in attachment, 
namely, the formation of the cemented calcareous base. 

5. Exposure of the newly metamorphosed barnacles to very low concentrations of 
cupric citrate accelerated development beyond that of the normal animals. 

6. The soft tissues of adult barnacles normally contain a much higher concentra- 
tion of copper than does sea water. When placed in solutions of cupric citrate, bar- 
nacles absorbed more than 100 times the nonnal copper content of die tissues. In 
no case were barnacles killed by the absorption of less than 0.19 mg. of copper per 
gram of dry weight — ^more than 10 times the normal content. In some cases bar- 
nacles which had absorbed 0.5 mg, to 1.09 mg./g. from toxic solutions revived 'when 
replaced in fresh sea water. 

7. It was demonstrated that when replaced in fresh sea water, barnacles can 
eliminate from their tissues as much as two-thirds of the copper which has been ab- 
sorbed from toxic solutions. 

8. Mussels are more sensitive to poisoning by cupric citrate than barnacles. 
When exposed to copper solutions, mussels take up copper more rapidly than do 
barnacles, and when replaced in fresh sea water, they eliminate it from their tissues 
more rapidly and extensively. In many cases in which a considerable portion of 
the copper eliminated, the mussels nevertheless succumbed subsequently. 
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Parker, G. H., 1924. The growth of marine animals on submerged metals. Biol Bull, 47: 
127-142. 
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Explanation of Symbols 
Titles recorded alphabetically with initial dates. 
* ceased publication. 

[ ] incomplete. 

+ receive currently. 


Abbandlungen der Medizinischen FakultSt 
der Sun Yatsea Universitat 1929: Canton. 
2, no. 2; 3, no. 2 

*Ab}xandlungen und Monographien aus dem 
Gebiete der Biologie und Medizin 1920: 
Bern and Leipzig. 1-3 
Academy of Natural Sciences of Pbiladelpliia; 

Monographs 1935: 6-7 
Acta Agralia Vadensia 1934: Wageningen. 1 
Acta Horti Petropolitani (Trudy Iraperator- 
skago S. — Peterburgska^ Botanicheskago 
Sada) 1871: 16; 21-23, no. 2 
Acta Neerlandica Morphologiae Noimalis et 
Patholoj^e 1937: Utrecht. 14- 
Acta Physiologica Scandinavica (supersedes 
Skandinavisches Archiv fiir Physiologic) 
1940:1 + 

Acta Zoologica Lilloana 1943: Tucuman, Ar- 
gentina. 1 + 

PActmtl de la Commission G6od€sique Bal- 
tique (Die Tatigkeit der Baltischen Geoda- 
tischen Kommission) (1924-1938 as Comptes 
Rendus de la Session de la Commission 
Gdoddsique Baltique, 1-10) (Verhandlungen 
der Baltischen Geodatischen Kommission) 
1924:2+ 

Advancement of Science (supersedes Report 
of the British Association for the Advance- 
ment of Science) 1939: 1 + 

Advances in Protein Chemistry 1944: New 
York. 1 + 

American Journal of Clinical Pathology; ofh- 
dal publication, American Society of Clini- 
cal Patholc^ts 1931: 1 + 

American Midland Naturalist; Monograph 
Series 1944: University of Notre Dame. 1 + 
American Review of Soviet Medicine 1943: 
American-Soviet Medical Society. 1 + 


Anais do Instituto de Medicina Tropical 1943 : 
Lisbon. 1 + 

Anales de la Direccidn de Meteorologia 
(through 1913 as Oficina Meteorologica 
Nacional) ; Repdblica Argentina; Ministerio 
de Agrictdtura de la Nacidn 1878: [18-19] 

Anales de la Sodedad de Biologia de Bogota 
1943: 1 + 

Annales Biologiques; Conseil Permanent Inter- 
national pour TExpIoration de la Mer 1939: 
1 + 

Annales d’Astrophysique; publides sous les 
auspices du Service d^Astrophysique du 
Centre National de la Recherche l^entifique 
1938: 6+ 

Annales d’Endocrinologie; Bulletin OfHciel de 
la Socidtd d'Endocrinologie 1939: Paris. 7, 
no. 1 

Aimales de Gdophysique 1944: Paris. 1 + 

Annales de PUniversi^ de Paris 1926. 2, [9], 
[11-13], 14 (1939) 

^'Annales de Physique du Globe de la France 
d’Outre-Mer 1934: 1-6 

Annals of Surgery; a monthly review of surgi- 
cal science and practice 1885; 117+ 
"'Ajinual of the National Academy of Sdences 
1863: Cambridge. 1863-65 
♦Annual Report; Chicago Academy of Sdences 
1877: 38-40 (1897) 

Annual Report; Frediwater Biological Asso- 
ciation of the Biitidi Empire 1932: 6+ 

Annual Report of State Game Warden and 
Annual Report of Game and Inland Fidi 
Commisdon 1938: Baltimore, Md. 1-5 
(1943) 

Annual Report of the Division of Laboratories 
and Research; New York State Depart- 
ment of Health: 1933 + 

84, no. 1, 1943, gave a complete list to 


^The Supplement to the Biological BuIIerin, vol. 
that date. 
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Annual Report of the Librarian of Congress; 
Supplement; Quarterly Journal of Current 
Acquisitions 1943: 1 + 

Arbeiten auf dem Gebiete der Chemischen 
Physiologie 1903: Bonn. 13 
•Archives de Plasmologie G§n€rale 1912: 1, 
no. 1 

•Archives of Dermatology; a Quarterly Jour- 
nal of Skin and Venereal Diseases 1874: 
1-8 (1882) 

Archives of Surgery 1920: American Medical 
Association. 1-39, 41 + 

Arkiv f5r Kemi, Mineralogi och Geologi 1903: 
11 + 

Astrophysics Norvegica; Institute of Theoreti- 
cal Astrophysics of Oslo University 1936: 
1-2, [3] 

Aus der Natur; Zeitsdizift fur alle Natur- 
freunde 1905 : 5, no. 24 

Beitrage zur Physiologischen Optik see 
Problemy Fiziologiche^oi OpdM 
Bibliography of Scientific and Industrial Re- 
ports; distributed by the Office of the Pub- 
lication Board 1946: Washington, D. C. 1 + 
Bioldgica; Trabajos del Institute de Biologia 
de la Facultad de Biologia y Ciencias Medi- 
cas de la Universidad de Chile 1944: 1 + 
Biological Review of the City College of the 
College of the City of New York 1938: 1 + 
Biometrics Bulletin; the Biometrics Section; 

American Statistical Association 1945: 1+ 
Blood; the journal of hematology 1946: 1 + 
Boletim da Sodedade Broteriana 1880: Uni- 
versity of Coimbra, Portugal, ser. 2, 4-16, 
18+ 

Boletfn Biologico; organo de los Laboratorios 
de la Universidad de Puebla 1942: Mexico. 
1 + 

Boletin del Laboratorio de Estudios Medicos y 
Biologicos 1942: Mexico. 1 + 

Boletin del Observatorio Nadonal; Republics 
de Cuba 1906: epoch III, [1-3]; epoch IV, 
1 + 

•Boletin Mensual; Ofidna Meteorologies Na- 
donal; Repdblica Argentina; Ministerio de 
Agxiedtura de la Nad6n 1916: [3-1], 8 
Botany Pamphlet; Carnegie Museum 1935: 
1 + 

British Chemical and Physiological Abstracts, 
C. Analysis and Apparatus 1944: 1944+ 
Britidi Heart Journal 1939: 8, no. 3+ 

British Journal of Pharmacdogy and Chemo- 
therapy; edited for the British Pharmaco- 
logical Sodety 1946: 1 + 

Brittonia; a series of botanical papers 1931: 

New Yoik Botanical Garden. 1 + 

Bulletin; Arctic Institute of Nor& America 
1946: Montreal. 1 + 


♦Bulletin; Worthington Sodety for the Study 
of Bird Life 1909: 1-2 

•Bulletin de I’Association Fran^aise pour 
I’Avancement des Sdences (superseded by 
Sciences; 1896: 119-136 (1936) 

Bulletin(s) from the Institute for Medical Re- 
search, Federated Malay States 1924: 3 
(1924) 

Bulletin of the Seismological Sodety of Amer- 
ica 1911: 1 + 

Bulletin of the United States Army Medical 
Department 1943: 4, nos. 1-6; 6, no. 3 
Bulletin of Zoological Nomenclature ; the offi- 
cial organ of the International Commission 
on Zoological Nomenclature 1943: 1 + 

Calcutta University; Journal of the Depart- 
ment of Sdence 1919: n.s. 1 + 

Ceylon Journal of Sdence; Section B, Zoology 
(1-22, pt. 1 as Ceylon Journal of Sdence) 
(for 1-22, pt. 1 see Spolia Zeylamca) 

Chicago Naturalist (supersedes Pre^^ram of 
Activities of the Chicago Academy of Sci- 
ences) 1938: 1 + 

Circular; New Jersey Agricultural Experiment 
Station; 33-35, 44-45, 48, 50-52, 55, 68, 71, 
80-81, 84, 91-92, 100, 107 
Communications on the Sdence and Practice 
of Brewing see Wallerstein Laboratories 
Communications 

Compte Rendu Annuel et Archives de la 
Sod6t6 Ttnrque des Sdences Phydques et 
Naturelles see Tiirk Fhdkt ve Tabii Himler 
Sosyetesi Yillik Bildirigleri ve Ardvi 
Comptes Rendus de la Session de la Com- 
mission see PActivite de la Commission 
G6od6sique Baltique 

Congr^s International des P^ches Maritimes, 
d’Ostr6iculture et d’Aquiculture Marine 
1896: 1896, Sables-d’Olonne, Rapports 
•Contributions from the Biological Laboratory 
of the Catholic University of America 1916: 
1, ^16, 18-19, 22-45 (1943) 

Domixdon Museum Records (preceded by 
Records of the Dominion Museum) 1946: 
Wellington, N. Z,; in Entomology, 1+; in 
Zoology, 1 + 

Drosophila Information Service; Material con- 
tributed by Drosophila workers 1934: De- 
partment of Genetics, Cam^e Institution 
of Washington, Cold Spring Harbor. 1+ 
Duke University Marine Station; Bulletin 
1943: 1 + 

Endeavour; a quarterly review designed to 
record the pre^ess of the sdences in the 
service of mankind 1942: London, Imperial 
Chemical Industries Ltd. 1-2, [3]+ 
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Excerta Medica de la Secretaria de Cointmi- 
caciones y Obras Publicas 1Q42: Mexico 
1 + 

Experimental Medicine and Surgery; a quar- 
terly devoted to experimental investigations 
of clinical problems 1943: 1 + 

Farlowia; a journal of crj-ptogamic botany 
1943 : Cambridge, Mass. 1 + 

Fieldiana. Botany (1-23 as Field Museum of 
Natural Historj’ Publications; Botanical 
Series) 1895: Chicago Natural History 

Museum. 1-4- 

Fieldiana. Geology (1-9 as Field IMuseum of 
Natural History' Publications; Geological 
Series^ 1895: Chicago Natural History 

Museum. 14- 

Fieldiana. Zoology (1-30 as Field Museum of 
Natural Historj- Publications; Zoological 
Series) 1895: Chicago Natural Histoiy- 

Museum. 1 + 

Fish Survey Report to Maine Department of 
Fisheries and Game 1939: 4+ 

Fisheries Newsletter; published by the De- 
partment of Commerce and Agriculture 
1942: Cronulla, N. S. \V,, Australia. 3 

M+ 

Folia Geographica Danica: Copenhagen. 3-1- 
Folia Limnologica Scandinavica 1943: Copen- 
hagen. l-h 

Frontiers in Chemistry; published under the 
auspices of Western Reserve Universit\^ 
1943: 1, 3 

Game Bulletin; State of California Depart- 
ment of Natural Resources; Division of 
Fish and Game 1913: 2-4- 
Geofisica Pura e Applicata 1939: Milan, Isti- 
tuto Geofisico Italiano. 1 -h 
Geophysics; a journal of general and applied 
geophysics 1926: Society of Exploration 
Geophysicists. [IJ-ClOJ-j- 
Grenzfragen des Nerven- und Seelenlebens 
1900: Wiesbaden. 3; 11 

Helvetica Fhyslologica et Pharmacologica 
Acta 1943: 1-f 

Hospital Corps Quarterly; Supplement to the 
United States Naval Medical Bulletin 1917 : 
16+ 

Dlinois Monographs in the Medical Sciences 
(1-3, 1935-43 as Illinois Medical and Dental 
^lonographs) 1935: 3, nos. 1-2; 4 
nmatieteeUisen Keskuslaitoksen Toimituksia 
see Mitteilungen der Meteorologischen Zen- 
tralanstalt 

Indian Journal of Genetics and Plant Breeding 
1941:1 + 

Industrie Chimique see Przeznyst Chemiczny 


Iowa State College Journal of Science ; a quar- 
terly' of research 1926: 1 + 

Istanbul Universitesi Fen FakUltesi Mecmuasi 
(Revue de la Facultd des Sciences de TUni- 
versitd d’Istanbul) 1923 : Seri A, Matematik, 
Fizik, Kimy'a. 7-9, [10]+; Seri B, Tabii 
Ilimler. 7 + 

lubileinoe Izdanie k 135-Letnemu fubileiu 
Moskovskogo Obshchestva Ispytatelei Pri- 
rody (Apergu Historique; Soci^td des Na- 
turalistes de Moscou) 1940: 2 nos. 

Jesuit Seismological Association; Central Sta- 
tion; Preliminary Bulletin; in cooperation 
with Science Service and the United States 
Coast and Geodetic Survey: []1945]+ 
Journal of Applied Mechanics 1933: American 
Society of Mechanical Engineers. 1 + 
Journal of Colloid Science 1946: New York 
City'. 1 + 

Journal of Dairy Research 1929: London. 
5-8; 9, nos. 1, 3 

Journal of Dairy Science 1917: American 
Dairy Science Association. Baltimore. [8- 
23] 

Journal of General Biology, Moscow, Aka- 
demiia Nauk SSSR see Zhumal Obshchei 
Biologii 

Journal of Geology 1893: University of Chi- 
cago. 54+ 

Journal of Gerontology 1946: The Geronto- 
logical Society, Inc. 1 + 

Journal of Meteorology 1944. American 
Meteorological Society. 1 + 

Journal of Oceanography; the Hakodate Ma- 
rine Observatory 1944: Japan. 1 
Journal of the History of Ideas; a Quarterly 
Devoted to Intellectual History 1940: 1 + 
Journal of the Indian Botanical Society (1-3, 
no. 5, 1919-23 as Journal of Indian Botany) 
1919:25 + 

Journal of the Oceanographical Society of 
Japan (Nippon Kaiyo Gakkaisi). Central 
Meteorological Observatory, Tokyo. [1-3] 

Kaiyo no Kagaku (Science of the Ocean) 1941 : 
Oceanographical Society of Japan, Toky'o. 

[ 1 - 4 ] 

Leaflet; Chicago Academy of Sciences 1938: 
2-19, 21 + 

(State of) Maryland Board of Natural Re- 
sources; Department of Research and Edu- 
cation; Educational Series 1944: 1 + 
Mathematical Tables and Aids to Computa- 
tion; a quarterly journal edited on behalf of 
the Committee on Mathematical Tables and 
Aids to Computation by the Chairman, 
Raymond Clare Archibald 1943: National 
Research Council. 1 + 
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Melanges Biologiques tir6s du BtiUetin de 
I’Acaddmie Imperiale des Sciences de St.- 
P4tersbourg 1849: 5, nos. 3-4 
'^Memoir of the Thoreau Museum of Natural 
History 1914 Concord, Massachusetts. [2] 
M€moires de I’Acad^mie Royale de Belgique; 
Classe des Sciences; Collection in-4'’, series 
2 1904: l-[8], 9, [10]4- 
MSmoires de I’Academie Royale de Belgique; 
Classe des Sciences Collection in-8'’, series 
2 1904: 18, no. 6+ 

M&noires de (pr^sentfe k) PInstitut d’Egypte 
1862: 18 

Memoirs of the Hakodate Marine Observa- 
tory 1944: Japan. 1, pt. 1 
Memoirs of the NationkL Museum; Melbourne 
1906: l-f 

Memorie dell’Istituto Italiano di Idrobiologia 
Dott. Marco de Marchi 1942. Milan. 1 + 
Mengelingen; Koninklijk Belgisch Meteorolo- 
gisch Instituut see Miscellanys; Institut 
Royal Mytlorologique de Belgique 
Meteorologiske Annaler; utgitt av det Norske 
Meteorologiske Institutt i samarbeid med 
Universitetets Institutt for Teoretisk Me- 
teorologi 1942: 1 + 

^Microscopical Bulletin and Science News 
1883: Philadelphia. [3-18] 

Middle American Research Records 1942: 
Tulane University of Louisiana; Middle 
American Research Institute. 1, nos. 6, 9 
Miscellanees; Institut Royal Metyorologique 
de Belgique (Mengelingen; Koninklijk Bel- 
gisch Meteorologisch Instituut) 1938: 2-j- 
Miscellaneous Reports; a Publication of the 
Institute of Meteorology of the University 
of Chicago 1942: l-f 

Mitteilungen der Meteorologischen Zentral- 
anstalt (Ilmatieteellisen Keskuslaitoksen 
Toimituksia) 1920: Helsingfors. 1-h 
Monographs from the Walter and Eliza Hall 
Institute of Research in Pathology and 
Medicine 1941: Melbourne. 1-2; 4-1- 
Monthly Science News; Toronto. 14-1- 
*Mycologisches Centralblatt; Zeitsdudft fiir 
AHgemeine und Angewandte Mycologie 
1912: Jena. 1, no. 1 

National Research Council; Division of Geol- 
ogy and Geography; Report of the Com- 
mittee on Marine l^logy as Related to 
Paleontology 1940: 1940-1- 
Natural History Miscellanea; published by 
the Chicago Academy of Sciences 1946: l-f- 
Nederlandsch Tijdsch^ voor Natuurkonde 
(a continuation in part of Physica; Neder- 
landsch Tijdschrift voor Natuurkunde) 
1934:1-1- 


New Zealand Meteorological Office; Profes- 
sional Note 1942 : 1 

Northwestern University Studies in the Bio- 
logical Sciences and Medicine 1942: l-f 
Nutrition Reviews 1942: 1-1- 

Obituary Notices of Fellows of the Royal 
Society 1932: London. 9, 11-14 
Occasional Papers of the Marine Laboratory; 

Louisiana State University 1942 : 1 -{- 
Occasional Papers of the Museum of Zoology; 
Louisiana State University 1938: 1-f 

“^apers from the Mayo Foundation for Medi- 
cal Education and Research and the Medical 
School 1915 1-2 (1922) 

Pflanzenforschung 1922. 1-1- 
Philosophy and Phenomenological Research; 
a quarterlv journal 1940: International 
Phenomenological Society’. 1 -1- 

*Physica; Xederlandsch Tijdschrift voor Na- 
tuurkunde (superseded by Physica and 
Nederlandsch Tijdschrift voor Natuur- 
kunde) 1921 1-13 

Physis; Revista de la Asociacidn Argentina de 
Ciencias Naturales 1912: 19, no. 53+ 
Plankton Jiho (Plankton Review). National 
Research Council of Japan. 2-15 (1931- 
40) 

Problemy Fiziologicheskoi Optiki (Beitr^e 
zur Physiologischen Optik) (Problems of 
Physiological Optics) 1941 : Leningrad, Aka- 
demifi Nauk S^R. 1+ 

Proceedings of the Florida Academy of Sci- 
ences 1936: 1 + 

Proceedings of the Institute of Radio Engi- 
neers and Waves and Electrons. Proceed- 
ings 1913: 16-[34]+; Waves and Electrons 
1946: [1]+ 

Proceedings of the Louisiana Academy of Sci- 
ences 1932: 1 + 

^Proceedings of the Meteorological Society 
1861: London. 5 (1869-71) 

Proceedings of the Royal Entomological Soci- 
ety of London ; series C. Journal of Meet- 
ings 1936: 1 + 

'^‘Proceedings of the Society of Public Analysts 
1875: London. 1 

Proceedings of the South Dakota Academy of 
Sciences 1916: 1+ 

Proceedings of the Staff Meetings of the Mayo 
Clinic 1926: Rochester, Minnesota. [15- 
18], 19+ 

Progressive Fish Culturist; news and views 
from many sources on practical hatchery 
problems 1935: U. S. Fish and Wildlife 
Service. [2-56]+ 

Przemy^ Chemiczny (Industrie Chimique), 
Warsaw. 22, nos. 11/12 (1938) 
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*Pubblicazioiii della Stazione Biologica in San 
Bartolomeo (1-23 as Pubblicazioni dell* 
Istituto di Biologia Marina del Tirreno in 
San Bartolomeo) 1928: 1-34 (1932) 
Publication; Department of A^culture and 
Natural Resources; Bureau of Science; 
Manila: 13-14 

Publications of the Institute of Marine Science 
1945 : University of Texas. 1 

Quarterly of Applied Mathematics 1943: 14- 

Records of Observations; Scripps Institution 
of Oceanography 1942: l-h 
Reichsberichte fiir Physik ; Beihefte zur Physi- 
kalischen Zeitschrift 1944: 1, nos. 1-5 
''Report of the Cotmdl of the British Meteoro- 
logical Society 1850: 2-4; 6-10 
Report of the Director; Chicago Academy of 
Sciences; Museum of Natural History 1938: 
1938+ 

Report of the Director to the Board of Trus- 
tees; Chicago Natural History Museum 
(a continuation of the Field Museum of 
Natural History Publications; Report Se- 
ries) 1943: 1943 + 

Report(s) of the Institute of Agricultural Re- 
search 1942: Tohdku Imperial University, 
Sendai. 1, 8-9 

Research Publications; University of Hawaii 
1927:9-12, 15 + 

Revista de la Sodedad Malacoldgica ^'Carlos 
de la Torre”; Museo “Poey”; Universidad 
de la Habana 1943 : 1 + 

Revista Sudamericana de Morfologia 1943: 
1 + 

Revue de la Facultd des Sdences de I’Univer- 
sit6 dTstanbul see Istanbul tlhiversitesi Fen 
Fakultesi Mecmuasi 

Sang; Biologie et Pathologje 1937 : Paris. 16+ 
Sbomik Rabot po Fiziologii Rastenil; Moscow, 
Akademi^ Nauk SSSR, Institut Fiziologii 
Rastenii imeni K. A. TimiriSzeva. 1941 
Schziften der Rdnigsberger Oelehrten Gesell- 
schaft; Naturwissenschaftliche Elasse 1924: 
1, no. 2; 8, no. 5 

Sdence Reports of National Wuhan Univer- 
sHy; Biobgical Sdence 1939: 1-3 
Snutinronian Institution War Background 
’ Studies 1942: 1 + 

Sonderverdffentiichung; Baltische Geodtit- 
ische Kommission (Special Publications; 
Baltic Geodetic Commission) 1930: 1 + 
Special Publication; Baltic Geodetic Commis- 
sion see Sonderverdffentiichung; Baltische 
GeodStische Kommisdon 
Special Publications; Chicago Academy of 
Sdences 1902: 1^, 6+ 


Special Publications of the New York Acad- 
emy of Sciences 1939 : 1 + 

Strukturbericht; Zeitschrift fiir Kristallogra- 
phie, Kristallgeometrie und Kristallphysik; 
Erganzungsband 1931: 1-7 (1943) 

Suisan Gakkwai Ho; published by the Scien- 
tific Fisheries Association; Faculty of Agri- 
culture, Tokyo Imperial University: 8; 9, 
nos. 2-4 (1940-44) 

Suomen Geodeettisen Laitoksen Julkaisuja 
(\^er6ffentlichungen des Finnischen GeodS- 
tischen Institutes) 1923: 10+ 

Supplement to the Journal of the Royal.Statis- 
tical Sodety; being the organ of the Indus- 
trial and Agricultural Research Section of 
the Society 1934: London. 1, 3 + 
"‘Supplementary Papers; Royal Geographical 
Sodety 1882: 1-3 

Tdtigkeit der Baltischen Geodtitischen Kom- 
mission see PActivitd de la Commission 
G6od6sique Baltique 

Texas Reports on Biology and Medicine 1943 : 
1 + 

Trabajos del Ihstitato de Ciendas Naturales 
Jos6 de Acosta” ; Serie Bioldgica 1942 : 1 + 
Serie Geol6gica 1943: Consejo Superior de 
Investigaciones Cientificos, Madrid. 1 + 
Transactions of the American Neurological 
Association 1875: New York. 66-70 
Transactions of the American Sodety of 
Mechanical Engmeers 1880: New York. 1 + 
Transactions (and Studies) of the College of 
Physicians of Philadelphia 1841 : ser. 3: 37- 
49, 52, 54; ser. 4: [1-8] 

Transactions of the Royal Sodety of Tropical 
Medicine and Hygiene 1907: 1+ 

"Tropical Plant Research Foundation Sdentifiie 
Contributions 1926: Washington, D. C. 1-8, 
11-22 

Trudy Lnperabrskago S.-Peterburgskago Bo- 
tanichedEago Sada see Acta Horti Petropoli- 
taxii 

Tfirk FiziM ve Tabii Himler Sosyetesi TRlik 
Bildixi£leri ve Arfivi: IstanbuL 1, 4+ 

United States Department of the Intexbr; 
Fish and Wildlife Service; Special Sden- 
tific Report 1940: 1-9, 11 + 

United States Naval Medical Bulletin ; Supi^e- 
ment see Ho^ital Corps Quarterly 
United States War Department; Arctic Series 
of Publications issued in connection with 
the Signal Servbe, United States Army 
1885; 1-3 (1887) 

United States War Department; Office (of 
(the ChieO Engineers; Beach Erosion 
]^ard; Papers 1933: 2; Technical Memo- 
randum 1940: 1-2, 7; Technical Report 
1941: 1-2 
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University of California Publications in Mlcro- 
biolo^ 1943: 1+ 

University of Iowa Studies in Engineering; 

BuRetin 1926: 2-5; 7-11; 13+ 

♦University of Iowa Studies in Medicine 1916: 
1-3 (1932) 

♦University of Iowa Studies in Physics 1907: 

[ 2 ] 

University of Wadiington Publications in 
Anthropology (1, no. 1 as Publications in 
Political and So^l Science) 1920:^+ 
Unsere Welt; lUustrierte Monatschrift zur 
Fdrderung der Naturerkenntnis 1909 : Bonn. 
1, no. 4 

Uspekhi Khunii 1932 : AkademiiE Nauk SSSR. 
12. no. 2+ 

Vaiidtds Scientifiques recueillies par la So- 
ciAti des Sciences Naturelles du Maroc; 
Empire Chlrifien; Archives Sdentifiques du 
Protectorat Prangais 1921: 1+ 
Verhandlungen der Baltischen Geod9.tdschen 
Kommission see l’Ac1ivit§ de la Commission 
G6od6sique Baltique 

Verdffentli^ungen des Finnischen Geoddti- 
schen Institutes see Suomen Geodeettisen 
Laitoksen Julkaisuja 

♦Verdffentlichungen der Zentralstelle ftir Bal* 
neologie 1911: n.s. 10 


Vers^dHche Wissenschaft 1927: 1 

Wallerstein Laboratories Communications 
(1-7 as Communications on the Science and 
Practice of Brewing) 1937: New York City. 
1;3+ 

♦Washington Scientist; a magazine for the 
scientists of Washington 1945: 1, nos. 1-5 

Weather; a monthly magazine for all inter- 
ested in meteorolog>" 1946: Royal ^leteoro- 
logical Society. 1 + 

Yale Journal of Biology and Medicine 1928: 
1 + 

Zeitschrift fiir Angewandte Mathematik und 
Mechanik; Ingenieurwissenschaftliche For- 
schungsarbeiten 1921: [23-24]+ 

Zeitschrift ftir Kristallographie, Eristallgeo- 
metrie, Eristallphysik, E^ristallchemie 1877 : 
105+ 

Zhumal Obshchei Biologii (Journal of General 
Biology) (supersedes Biologicheskii Zhur- 
nal) 1940: AkademiS Nauk SSSR. 4+ 

Zhunial Obdichei Elhimii (supersedes Jn part 
Russkoe Fiziko-Khimicheskoe Obshchestvo; 
Zhumal Chast^KhimicheskaS) 1931: Aka- 
demiia Nauk SSSR. 15+ 
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EFFECTS OF HYDROGEN PEROXIDE PRODUCED IN THE MEDIUM 
BY RADIATION ON SPERMATOZOA OF ARBACIA PUNCTULATA 

TITUS C. EVANS i 

Radiological Research Laboratory, Columbia University, New York, N, Y., and Marine 
Biological Laboratory, Woods Hole, Massachusetts 

In the course of a previous investigation (Evans et al., 1941, 1942a) it was fqund 
that roentgen radiation exerted effects on Arbada sperm indirectly by producing a 
very temporary toxidty of the medium. The intermediary appeared to be the “ac- 
tivated water molecule,’* as postulated by Fridce (1935), and was characterized by 
the following phenomena. Sperm irradiated in sea water suffered immediate reduc- 
tion in fertilizing capacity, whereas sperm irradiated “dry” were apparently unaf- 
fected in this respect. The smaller Ae concentration of sperm in Ae suspension 
during irradiation the greater the percentage made incapable of fertilization. Pres- 
ence of proteins, such as egg albumin, afforded “protection,” that is, greatly in- 
creased the percentage of sperm surviving irradiation. Unirradiated sperm did not 
suffer immediate reduction in fertilizing capacity when placed in water that had been 
exposed to amounts of radiation capable of producing such effects when the sperm 
were present during the irradiation. Under certain conditions “activated water” 
reacts to produce hydrogen peroxide (Risse, 1930; Taylor et al., 1933; and Fricke, 
1934a) which is toxic to organisms and may account for some or all of the indirect 
effects of X-rays. To understand better the indirect action of X-rays on cells, com- 
parative studies of the effects of irradiated water and hydrogen peroxide were made 
on Arbacia sperm and ova. 


Materials and Methods 

Male Arbacia were stimulated, by cutting through the oral r^on, to shed sperm 
in a dish of sea water. The suspension was centrifuged until the sperm vrere dosely 
packed, then the supernatant fluid was removed. Before placing the sperm in test 
solutions, nine parts of sea water were mixed with one part of packed sperm in 
order to facilitate transfer of equal amounts of sperm suspension to the various 
dishes. One part of this suspension was added to ninety-nine parts of the test solu- 
tion making a final concentration of 1 : 1,000 sperm. Percen^e fertilizing opac- 
ity was determined by inseminating a given lot of freshly collected ^gs with as 
many drops of control sperm as needed to produce 90-99 per cent of the eggs with 

^ It is a pleasure to express appredatioa to Dr. G. Failla for his helpful criticisms and to 
Miss Anne R. Behan for technical assistance. 
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fertilization membranes. The same volume of sperm from the experimental me- 
dium was then tested with a lot of eggs similar to those used for the controls. 

Samples of sperm from sea water and from experimental media were taken at 
regular intervals and tested for fertilizing capacity. The survival period was taken 
as the time required to reduce the percentage fertility of a given lot of sperm to less 
than SO per cent. The actual survival time was somewhat longer in each case as 
some sperm would still be alive after the suspension had completely lost the ability 
to fertilize untreated eggs. A few observations were made of longevity as indicated 
by rate of oxygen consumption and motility of sperm. The relative decrease in sur- 
vival time of different experimental lots was approximately the same whether these 
criteria or fertilizing capacity were employed. Sperm in a concentration of 1:10 
suffered no change in fertilizing capacity during the time covered by these experi- 
ments. Therefore, when it became necessary to employ a new batch of eggs, the 
proper number of drops of sperm suspension to use in each test was determined by 
employing a freshly diluted 1 : 1,000 suspension. Cleavage time was taken as the 
number of minutes (at 25® C.) from the time of insemination until 50 per cent of 
the fertilized eggs had undergone division. Catalase solutions used were sea water 
dilutions of a stock extracted from sperm by distilled water. Albumin solutions 
were 0.1 gram per cent of powdered egg albumin made up in sea water and used 
immediately. 

Fresh filtered sea water was irradiated in covered plastic dishes at 22-28® C. 
The material was cross-fired (from above and below) between two water-cooled 
X-ray tubes operated at 182 kv pk., and 25 ma (inherent filtration equivalent 
to approximately 0.2 mm. Cu). The intensity was usually 5,600 r per minute and 
the irradiation was given in one treatment. 

Experimental Results 

Effects oj irradiated water 

Results of e^lorator}’' experiments (Evans et al., 1942a; Evans, 1942) indi- 
cated that irradiated water reduced the survival time and prolonged the cleavage 
time of sperm placed therein. The amount of effect varied greatly from one lot of 
sperm to another. It appeared in general that irradiation below 50,000 r was in- 
effectual, around 100,000 r was definitely effective, and a dose of 224,000 r was 
near the optimum in affecting the water so that it reduced survival time of sperm. 
The delay in first cleavage (treated sperm + untreated ova) was noticeable when 
only low dosages (below 100,000 r) had been given to the water, but the effect did 
not appear to increase rapidly as the irradiation became greater. In the explora- 
tory experiments chemical tests indicated presence of hydrogen peroxide in the 
heavily irradiated water, and this agent was also found to affect survival time and 
cleavage time of sperm. It w^as now of interest to determine quantitatively how 
much of the toxicity of the irradiated water should be attributed to hydrogen per- 
oxide. 

It was found that consistent results were obtained when sperm from several 
males were pooled so that successive experiments were made from the same orig- 
inal collection. The data are shown in Figure 1 and Figure 2. It may be seen in 
Figure 1 (top graph) that, in all four experiments, the water became more toxic as 
the amount of radiation was increased. Reduction in survival time by doses below 
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85.000 r was not very definite. The effect increased rapidly from 85,000 r to 

140.000 r and increased, though less rapidly, from 140,000 r to 230,000 r. The 
latter finding may indicate that equilibrium was being reached between the rate of 
hydrogen peroxide formation and the rate of destruction by the radiation. 



0 0.1 1.0 10,0 
CONCENTRATION IN PARTS PER MILLION 

Figure 1. Upper graph: effect of different amounts of radiation on the toxicity of sea 
water to sperm. Toxicity is indicated by a reduction of the survival time (as measured by 
fertilizing capacity) of the sperm placed in the irradiated water as compared to the survival 
time of sperm in control sea water. 

Lower graph: toxicity of different amounts of hydrogen peroxide in sea water to sperm 
placed thereixL 

The effect of retarding cleavage was greater as the irradiation of the water was 
increased (upper graph of Fig. 2) . Also, the cleavage time was more delayed the 
longer the sperm had been in the irradiated water at the time of insemination. This 
is shown in the lower graph of Figure 2. The effect approadied a maximum, at 
this concentration of the agent, in about an hour (at 25® C.). 

Effects of hydrogen peroxide 

Calculations based on data available in the literature (Fricke, 1934a, 1934b; 
Taylor, Thomas, and Brown, 1933) and color tests, using titanic chloride (Evans 
et al., 1942a) , of the irradiated sea water indicated that we were dealing with con- 
centrations of hydrogen peroxide in the neighborhood of 1 : 1,000,000. The effects 
of different concentrations of hydrogen peroxide"® on the survival time are shown 

2 Merck’s Superoxol reagent hydrogen peroxide (30 per cent) . 
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in the lower graph of Figure 1. One would judge from a consideration of the two 
graphs of Figure 1 that the maximum amount of hydrogen peroxide produced in 
the irradiated water was approximately 1 : 1,000,000. 

Hydrogen peroxide in a concentration of 1 : 1,000,000 retarded cleavage (lower 
graph of Fig. 2) and the increase in effect with longer exposures was very similar 
to that of sea water given an irradiation of 224,000 r. 



0 20 40 60 80 100 120 140 160 180 200 220 

' MIN, IN SOLUTION WHEN TESTED 


Figure 2. Upper graph: effect of different amounts of radiation on toxicity of sea water 
as indicated by a retardation in time of first cleavage. After sperm had been in the irradiated 
water for 30 minutes they were used to inseminate fertile eggs in fresh sea water. Qeavage 
delay is expressed as cleavage time over that of eggs inseminated with control sperm. 

Lower graph: effects (on cleavage time) of exposing the sperm for different periods of 
time to irradiated water (224,000 r) and to water containing hydrogen peroxide (1 : 1,000,000), 

Reduction in toxicity of irradiated water by catalase extract 

It was found that a crude extract possessing catalase activity could be removed 
from concentrated sperm suspensions.® This extract could be added to sperm in 

® Report in preparation. 
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sea water without producing any apparent deleterious effects. Results of adding 
catalase to irradiated water are shown in Tables I and II . It will be seen that the 
catalase extract completely removed the toxic agent responsible for decrease in sur- 
vival time (Table I) in all but three instances and greatly reduced the effect in these. 

Table I 


Reduction of Toxicity of Irradiated Water by Catalase Extract 
{Percentage decrease in survival time as compared to sperm in control sea water)* 


In irrad. water 
(160,000 r) 

In irrad. water 
-f inactive catalase** 

In irrad. water 
+active catalase . 

InHaO* 

(1:1,000.000) 

InHaOz 

+active catalase 

50 

50 

8 



__ 

92 

— 

0 

90 

0 

55 

55 

0 

— 

— 

38 

38 

0 

— 

— 

81 

43 

22 

— 

— 

83 

48 

0 

— 

— 

50 

— 

0 

94 

0 

81 

— 

57 

— 

— 


* There were three control groups (1) sperm in untreated sea water, (2) sperm in sea water 
plus inactive catalase, and (3) sperm in sea water plus active catalase. There was no decrease 
in survival time of groups 2 and 3 as compared to group 1. Control time was taken as that of 
group 1. 

♦* Inactivated by heating (60-65® C.) for 30 minutes. 

Table II 


Reduction in Toxicity of Irradiated Water by Catalase Extract 
{Cleavage delay ^ as compared to controls ^ in percentage) 




In irrad. water 
+iiiactive catalase 

In irrad. water 
-|-active catalase 

In HaOs 
(1:1,000,000) 

In HtOs 

+active catalase 

10 

36 


22 

22 

0 

40 

37 

— 

18 

31 

0 

50 

45 

— 

11 

27 

0 

40 

48 

46 

0 

— 

— 

40 

45 

48 

45** 

— 

— * 

20 

58 

55 

0 

— 

— 

90 

82 

88 

11 

— 

— 


* Approximately 160,000 r. 

** Sperm introduced immediately after catalase had been added to the irradiated water. 


The delay in time of cleavage also was reduced by adding the catalase extract to 
the irradiated water or to 1 : 1,000,000 hydrogen j^roxide (Table II). Apparently 
the reason the catalase was not 100 per cent effective in all tests was that in such in- 
stances sufficient time was not allowed before the sperm were added to the irradi- 
ated water. Maximum efficiency was obtained when the catalase had been in the 
irradiated water (or hydrogen peroxide solution) for approximately an hour before 
the sperm were added. In the one test with negative results sperm were added to 
the irradiated water immediately after the catalase had been introduced, and the 
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sperm were apparently affected before the HjOo had been destroyed. The amount 
of catalase used was slightly in excess of that required to remove HgOg (1 : 1,000,- 
000) as determined in Warburg manometers. It is possible that in some instances 
the amount of HgOo produced by the irradiation was in excess of 1 : 1,000,000. 
Strong concentrations of catalase were avoided as it was found that too much of 
the extract was toxic to the sperm. 

Table III 


Toxicity of Irradiated Catalase Extract 
{Compared with toxicity of irradiated water) 

{Toxic effects: reduction in survival time and production of cleavage delay) 


Irradiation in 1,000 r 

% Reduction in survival time 

% Cleavage delay 

Irradiated catalase 

Irradiated water 

Irradiated catalase 

Irradiated water 

84 

24 

10, 5 

14 

— 

112 

58 

43,43 

20 

55 

140 

74 

58, 58 

22 

— 

168 

78 

62. 62 

25 

70 

196 

80 

68,70 

30 

— 

224 

83 

75,75 

35 

80 

140 

79 



40 



140 

74 

— 

30 

— 

140 

74 

— 

30 

— 

140 

87 

55 

43 

43 

140 

55 (diluted to 50% with irradiated water) 

1 1 


100 

65 1 

1 30 

40 

55 

100 

65 (diluted to 99% with active catalase) 


140 

1 1 

44 (diluted to 30% with untreated water) 


140 

30 (diluted to 30% with active catalase) 



In an earlier investigation (Evans et al., 1942a) it was found that some egg 
albumin solutions afforded protection against toxicity of irradiated water whereas 
others did not. In checking over the data it appeared that protection was afforded 
only when the albumin had been prepared several days previously. Such solutions, 
on standing, were found to have developed large numbers of bacteria and possessed 
catalase activity. Fresh albumin solutions had no catalase activity and did not pro- 
tect the sperm from the toxic action of irradiated water. Fresh albumin did have a 
protective effect when present with sperm during irradiation (Evans et al., 1942a) . 
The albumin particles apparently competed with the sperm for the limited number 
of activated water molecules available and thus reduced the amount of injury to the 
sperm. 

Toxicity of irradiated catalase extract 

One type of control in the above experiments (Tables I and II) was the addition 
of inactive catalase to the irradiated water in wWch case the toxicity was not re- 
duced. This extract had been made inactive by heating at 60-65® C. for 30 minutes. 
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It had been found ® that a dose of 140,000 jr would completely inactivate this concen- 
tration of catalase, so such an irradiated extract was added to heavily irradiated wa- 
ter to determine whether it would reduce the toxicit\\ The irradiated catalase failed 
to reduce the toxicity of the irradiated water, and had even a slightly greater effect 
in reducing the survival time of the sperm. These results are shown in Table III. 
Addition of active catalase (two experiments) did not remove the toxicity of the 

Table IV 


Effects of Irradiated Albumin Solution 


Ezp. No. 

Material 

Survival time 
in min. 

Mm. cleava^se 
delay 

129 

(A) Sperm in control sea water. 

70 

0 


(B) Sperm in irradiated sea water. 


15 

Irradiation =» 

(C) Sperm in irradiated sea water + 


20 

160,000 r 

albumin later. 

(D) Sperm in irradiated albumin solution. 

4S 

22 


(E) Sperm in control sea water 4-albumin. 

1,005 

0 

20 

(E) Control water 4-albumin. 

(% Survival at 

30 minutes) 

96 

0 

Irradiation = 

(C) Irradiated water 4-albumin. 

59 

40 

224,000 r 

(D) Irradiated albumin. 

57 

32 

19 

(E) Control water 4-albumin. 


mBm 

Irradiation = 

(C) Irradiated water4-albumin. 



224,000 r 

(D) Irradiated albumin. 


msmm 

21 

(A) Control water. 


0 

Irradiation = 

(B) Irradiated water. 

(F) Irradiated water which had contained 


27 

5 

64,000 r 

1 : 100 sperm during irradiation. 

(G) Irradiated sperm removed from (F). 
(Direct effect of irradiation.) 


85 


radiation-destroyed enz 3 rme extract. Althoi^h these results were not conclusive it 
was indicated that all of the toxicity of the irradiated catalase extract was probably 
not due to hydrogen peroxide, in other words that some other toxic materials were 
probably formed. A 0.1 per cent solution of egg albumin was irradiated to deter- 
mine whether it would be made toxic and the results are shown in Table IV. The 
tentative conclusion was drawm that the albumin present in the water during irradi- 
ation had little effect on the production of hydrogen peroxide by the irradiation, but 
that albumin itself did not contribute to the toxicity of the solution. 

Effects of irradiated water and HX>2 

Arbacia eggs placed in irradiated water (168,000 r) or in dilute solutions of hy- 
drogen peroxide in sea water exhibited effects similar to those of sperm so treated. 
These results are shown in Table V, It was found that immersion in irradiated 
water or in hydrogen peroxide increased the time for first cleavage and decreased 
the percentage fertilized. It is of interest that the effects were not as pronounced if 
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the number of eggs in the experimental medium was doubled. This probably indi- 
cates that the number of toxic molecules was limited and the eggs were sensitive to 
even small changes in the concentration of the toxic materials. 


Table V 

Effects of Irradiated Water and Hydrogen Peroxide on Ova 
{Eggs in experimental medium^ inseminaied with consol sperm) 


Experiment Z2 

Control eggs in 
sea water 

Eggs in irrad. water 

Eggs in HsOt 
(1:1,000,000) 

Eggs in HaOs 
(1:100,000) 

Cleavage time: 

(tested after 30 min. 
in solution.) 

42 min. 

48 min. 

47 min. 


% Fertilization: 

100 fert. 

73 fert. 

100 fert. 

55 fert. 

Cleavage time: 

(tested after 90 min. 
in solution.) 

42 min. 

49 min. 

48 min. 


% Fertilization: 

99 fert. 

69 fert. 

100 fert. 



Experiment 23 

N no. eggs in 
control sea 
water 

2N no. eggs in 
control sea 
water 



N no. eggs in 
irrad. water 


Cleavage time: 
(tested after 25 
min. in solution) 

47 min. 

46 min. 

135 min. 

103 min. 

46 min. 

45 min. 


Experiment 24 

2N no. eggs in 
control sea 
water 

N no. eggs in 
(1:1,000,000) 
HaOa 

2N no. eggs in 
(1:1,000,000) 
HaOa 

N no. eggs in 
irrad. water 

2N no. eggs in 
irrad. water 

Cleavage time: 

46 min. 

53 min. 

45 min. 

52 min. 

45 min. 

(tested after 50 min. 






in solution.) 






% Fertilization: 

100 fert. 

100 fert. 

100 fert. 

56 fert. 

100 fert. 


Discussion 

These results are in agreement with the excellent work of Taylor, Thomas, and 
Brown (1933) and indicate that when test objects are heavily irradiated (around 
100,000 r) in water, the possibility of an indirect effect through production of hy- 
drogen peroxide must be taken into account. Conditions of the medium which have 
been found to affect the amount of hydrogen peroxide remaining in an irradiated 
solution are (1) the oxygen content, (2) the pH, (3) temperature, (4) radiation 
intensily (Fricke, 1934a, 1934b, 1935; Risse, 1930), (5) presence of substances 
which remove the HgOg (Taylor, Thomas, and Brown, 1933), and (6) the amount 
of energy absorbed (Bonet-Maurey and Frilley, 1944). 

Interference of radiation-produced hydrogen peroxide was reduced to a n^li- 
gible amount in the earlier investigation (Evans et al., 1942a) by using such dilute 
suspensions of sperm that they were inactivated by doses (from 2,000 r to 10,000 
r) too low to produce detectable amounts of hydrogen peroxide. Also, as hydrogen 
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peroxide in low concentrations acted only after a time, its toxicity was avoided by 
removing the sperm immediately from the irradiated water. Taylor, Thomas, and 
Brown (1933) reduced the toxicity by adding substances possessing catalase ac- 
tivity during the irradiation. In the present investigation, results of attempts to 
reduce the hydrogen peroxide content by presence of catalase extract during ir- 
radiation were puzzling in that the medium possessed toxicit}% and it ^^as not re- 
moved by active catalase. This finding does not necessarily indicate that irradiation 
of catalase produces toxic by-products, as many other substances were probably 
present. However, irradiation of water containing living sperm did not result in 
toxicity of the medium (Experiment 21-F, Table IV). Other data have been ob- 
tained ® which indicate that catalase in vivo is not as easily destroyed by radiation 
as the catalase extract in vitro. Still another possibility is that so many activated 
water molecules transferred their energy to living sperm that only few remained to 
produce H 2 O 0 . Presence of 0.1 per cent albumin did not appreciably affect the 
production of hydrogen peroxide (Table IV), but possible competing action at 
liigher concentrations was not studied. Catalase extract added to dilute sperm sus- 
pensions afforded some protection against the effect of the activated water molecule 
as studied in the earlier investigation (Evans et al., 1942a). This protection during 
irradiation was apparently a competing action rather than due to removal of hydro- 
gen peroxide as the active tnzymt was no more effective than heat-inactivated 
catalase extract. The effectiveness of a protecting substance has been indicated by 
a ratio of the ‘‘Median Effect Dose” for sperm in water plus substance over that bf 
sperm in sea water alone. If active catalase is designated as A and inactive catalase 
as B, the ratios were as follows : Experiment 1.12 and B = 1.19; Experiment 

2, A ^ 1.6 and B = 1.53; Experiment 3, A = 2.7 and B = 2.6. 

In the previous investigation (Evans et al., 1942a) it was concluded that cleav- 
age delay was caused directly by the radiation, whereas fertilizing capacity (and 
viability) was reduced indirectly through action of an intermediary (activated 
water molecule) . It is interesting to consider that in the present investigation it 
was demonstrated that, by producing hydrogen peroxide, the activated molecule 
could indirectly affect cell division as well as cell viability. The direct effect of 
the radiation on cleavage delay is considered as the loss of some factors from the 
nucleus which is replaced in time in irradiated eggs, but not in irradiated sperm 
through metabolic activity (Henshaw, 1940, I— V ; Lea, 1946). Recent discussions 
of radiation inhibition of cell division (He\^sy, 1945; Mitchell, 1943; and Lea, 
1946) suggest the possibility that the effect is due to disturbances in nucleic acid 
and carbohydrate metabolism by means of enzymatic inactivation. It is generally 
accepted that hydrogen peroxide poisons many enzymes and that the presence of 
catalase in cells removes the hydrogen peroxide as it is formed in metabolism. The 
writer has recently investigated the possible relation between radiation destruction of 
catalase and radiation production of cleavage delay, but the resulte indicated that 
the effects were not necessarily correlated.^ However, one may still consider that, 
if both HgOo and radiation retard the functioning of systems which relate cell 
division rate,* their mode of action may be similar (i.e., oxidation) in producing this 
effect. The question as to how the active agent in irradiated water (hydrogen per- 
oxide) might have exerted its effect of reducing survival time leads one to con- 
sider factors which affect longevity of untreated sperm. This subject has been 
studied recently by Hayashi (1945—1946) who concluded that a factor prolonging 
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the duration of fertilizing capacity of Arbacia sperm was adsorbed on the cell sur- 
face, and subsequently was lost into the surrounding medium. Seminal fluid con- 
tained a protein which, by its action on the surface of the sperm, may maintain 
fertilizing capacity and respiratory rate. Some findings in the present investiga- 
tion suggest that the specific protein complex on the surface of the sperm is pres- 
ent even when removed from the seminal fluid by washing and centrifu^ng, and 
that its destruction can be retarded by non-specific proteins. This is indicated by 
the observation that sperm, after removal of seminal fluid, could be kept alive and 
fertile for extended periods of time (even for days) as long as they were closely 
packed. In sea water the factor was lost and disappeared more rapidly the more 
dilute the suspension. It may be noted in the earlier report (and in Table IV, 
Experiment 129 of this report) that addition of a non-specific protein (egg albumin) 
increased the survival time of sperm in sea water. Two additional experiments will 
be cited. In one experiment 1 : 1,000 sperm in 0.1 per cent albumin retained their 
fertilizing capacity 2.6 times as long as the same concentration of sperm in sea water 
alone. Sperm in sea water plus albumin, in the other case, remained fertile 14 times 
longer than sperm in sea water without the albumin (this is the same value as ob- 
tained in Experiment 129, Table IV). Sperm in water plus catalase extract re- 
mained fertile 1.8 times as long as sperm in water alone. This prolonging of 
viability was not due to the enzyme activity as heated catalase extract had exactly 
the same effect (80 per cent increase in survival time) . It may be of interest to 
mention in this connection the finding of Saul and Nelson (1935) and Adams and 
Nelson (1938) that when purified preparations of invertase or tyrosinase are highly 
diluted they lose activity. If serum albumin, etc., is added during the dilution, or 
immediately thereafter, this loss in activity is prevented and activity measurements 
run proportional to the dilution factor. Hayashi (1946) considers that the fall in 
activity of Arbacia sperm in sea water is due to destruction of a system involving the 
cell surface, to auto-intoxication and probable depletion of fuel. One type of auto- 
intoxication could be auto-oxidation (production of HgOs). If this is true then the 
irradiated water may act by removing catalase from the surface which would, in 
turn, allow accumulation of HgOj formed during respiratory metabolism. Action 
of the activated molecule could be due to direct oxidation of materials at the cell 
surface or to destruction of protective catalase. 

Summary 

Heavily irradiated water (over 100,000 r) was found to have deleterious effects 
on sperm placed therein. These effects were reduction of survival time and delay 
in first cleavage when such treated sperm were used to inseminate fertile eggs. 
The injury became more pronounced the greater the irradiation dose and the longer 
the sperm remained in the irradiated w-ater. 

The chief, if not the only, agent responsible for these effects of irradiated water 
was hydrogen peroxide. This was shown by chemical test, by similarity of its 
action with that of hydrogen peroxide, and by removing the toxicity with catalase 
extract. 

The effects of hydrogen peroxide on fertility and on subsequent cleavage time are 
discussed regarding possible interpretations of similar reactions of the sperm to 
more direct effects of roentgen radiation. 
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DECOMPOSITION AND REGENERATION OF NITROGENOUS 
ORGANIC MATTER IN SEA WATER * VI. THE 
EFFECT OF ENZYME POISONS 

NORRIS W. RAKESTRAW AND THEODOR VON BRAND 
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 

When organic matter, in the form of natural marine plankton, is allowed to de- 
compose in sea water in the dark under laboratory conditions ammonia is first found 
in the water, followed by nitrite, and later by nitrate, in amounts corresponding to 
the nitrogen which disappears from the suspended particulate matter. When, in 
the last stage, the water is inoculated with fresh diatoms a new flowering takes place 
in the light, with the disappearance of nitrate from the water. In darkness, this 
new organic matter again decomposes and the cycle repeats itself. Many of the fea- 
tures of this cycle, and the effects of such variables as time, temperature, source of 
water and organic matter, etc., we have reported in previous papers (1937-1942). 

To renew these studies, after an enforced delay of three years, we chose to in- 
vestigate the eflFects of certain en 23 nme poisons on the several stages of the decom- 
position and regeneration cycle. The plan was to start decomposition ‘^cultures” 
consisting of natural sea water and marine ph 3 rtoplanfeon materid and to follow the 
ammonia and nitrite in the water, in control portions as well as in portions to which 
enz 3 rme inhibitors were added at various stages in the cyde. 

Since the eflFects to be observed were at most semi-quantitative it was possible to 
simplify the anal 3 rtical techniques to reduce the laborious character of the ammonia 
analyses and to eliminate the determination of nitrate and particulate nitrogen. The 
distillation procedure for ammonia was identical with that previously described, but 
after collecting the distillate the ammonia in it was finally detennined by Nessleriza- 
tion rather than by titration with hypobromite. While not as accurate, this proce- 
dure w’as sufficient for the purpose and more rapid. Nitrite was determined by the 
same colorimetric method as before, with the use of the Kdett-Summerson photo- 
dectric colorimeter in the later stages of the work. 

Experimental 

Four decomposition ‘‘cultures” were prepared (Nos. 101, 103, 104, and 105) 
from water obtained in Vineyard Sound near Woods Hole. Phytoplankton was 
collected in a double net, so that the larger oiganisms were diminated. The tow 
consisted principally of Rhisosolenia. Varying, undetermined quantities of this 
material were added to the water in 5-gallon carboys, No. 104 containing the largest 
amount and No. 103 the least. Smaller portions (about 2 liters) were removed to 
sq)arate containers and the inhibiting substances added in fixed concentrations. 
These were allowed to decompose in the dark, at laboratory temperature, simul- 
taneously with the main “control” portion of each culture. At intervals, determina- 

* Contribution No. 371 from the Woods Hole Oceanographic Institution. 
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tions of ammonia and nitrite were made and at certain times portions were again 
removed from the main culture and inhibitors were added. 

The enzyme poisons used were : KCN, in concentrations from 0.0001 to 0.01 M ; 
NaF, 0.01 and 0.03 M ; AsgOg, 0.01 M ; sodium iodoacetate, 0.01 M ; ethyl, propyl 
and «-butyl carbamates, 0.2 M. These were rendered neutral by addition of acid or 
alkali as required and were added at various stages in the cycle: at the beginning; 
when the ammonia had reached a maximum ; and when the ammonia had been en- 
tirely replaced by nitrite. 



Figxjre 1. Series No. 104. Formation of ammonia, nitrite (and nitrate by inference) 
during decomposition in the dark. Source of organic matter, principally Rhisosolenia sus- 
pended in water from Vineyard Sound. Time in days, nitrogen in micrograms per liter. At 
pomts indicated by 1, 2, and 3 portions of this control culture were removed and to them were 
added various enzyme poisons, as described in the text. 

Figure 1 shows the course of the cycle in Series 104. In the control, ammonia 
reached its maximum after about 15 days, at which time nitrite was first detected. 
The latter reached its maximum about 15 days thereafter, and in another 10 days — , 
or 40 days from the start of the decomposition— it had again disappeared entirely. 
We know from previous experience that complete oxidation to nitrate has taken 
place at this time. At the beginning of the experiment five 2-liter portions were 
removed, to which were added respectively: A, KCN, 0,01 M; B, KCN, 0.(X)1 M; 
C, KCN, 0.0001 M ; Z?, NaF, 0.03 M ; £, AsoOg, 0.01 M. At the point marked 1 
in Figure 1, at 14 days, portions were removed to which were added; F, KCN, 
0.01 M; G, KCN, 0.001 M; H, AsgOg, 0.01 M. At point 2, at 17 days, similar 
sub-cultures were prepared containing: /, ethyl carbamate, 0.2 M; K, propyl car- 
bamate, 02 M; L, sodium iodoacetate, 0.01 M. At point 3, sub-cultures were pre- 
pared containing : M, KCN, 0.(X)1 M ; AT, KCN, 0.0001 M. 

Series 101 and 103 were carried out in the same manner, except for variation in 
the times at which the inhibitors were added. Series 105 was carried through the 
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first half of the cycle only, to learn the effects of the carbamates and of iodoacetate 
on the liberation of ammonia. 


Results 

The results and conclusions are based upon observation of the relative rates of 
appearance and disappearance of ammonia and nitrite in the presence and absence of 
inhibitors. The graphic details of these experiments need not be reproduced, but 
the following observations were made as to the specific effects of the various poisons. 

KCN 

In no case did significant amounts of nitrite appear in any culture to which KCN 
was added, even in concentrations as low as 0.0001 M. When KCN was added, 
even in the lowest concentration, to cultures in .which nitrite had already appeared, 
the latter did not increase in amount, showing that the oxidation of either ammonia 
or nitrite was inhibited. In 0.0001 AI concentration it had no effect upon the forma- 
tion of ammonia, but in concentration of 0.001 or 0.01 M it greatly retarded the rate. 
In Series 104, for example, in which ammonia had disappeared in about 30 days in 
the control culture, less than half the maximal amount had appeared in 46 days in 
the presence of 0.01 M KCN. 

Carbamates (ethyl, propyl, n-butyl) 

When carbamates were added in 0.2 M concentration to cultures already contain- 
ing ammonia no nitrite formed. If nitrite had already appeared before carbamate 
was added it did not further increase. Carbamate therefore appears to inhibit the 
oxidation of both ammonia and nitrite. It was not possible to determine the effect 
of carbamate upon the formation of ammonia since it interfered with the analysis, 
decomposing during the distillation and also rendering the Nessler reagent inactive. 

Iodoacetate 

Iodoacetate inhibited both the formation and further oxidation of nitrite, exactly 
as cyanide and carbamate. A single experiment indicated that it permitted the for- 
mation of ammonia, but somewhat more slowly than in its absence. 

NaF 

In a concentration of 0.03 M sodium fluoride did not interfere with ammonia 
formation, but in this concentration, as well as in 0.01 M, it prevented oxidation to 
nitrite. It should be mentioned, however, that these concentrations produce a copi- 
ous precipitate of CaFg, so that the resulting concentration of fluoride ion is consid- 
erably smaller. The solid precipitate itself may also be a disturbing factor, 

As^O^ 

Nitrite did not appear when AsaOg was present. Its effect upon ammonia for- 
mation was inconclusive ; in one case ammonia appeared but in another it did not. 
It proved difficult to keep the solution neutral, however, and in at least one case a 
strong acid condition developed which was not detected until the dose of the ex- 
periment. 
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Discussion 

Microorganisms may produce ammonia through various chemical mechanisms: 
hydrol 3 rtic deamination, reductive deamination and oxidative deamination (Waks- 
man, 1932). Depending upon conditions (for example, aerobic or anaerobic sur- 
roundings) and the species of microorganisms present one or the other process will 
predominate. It is consequently not surprising that variations in the response to 
inhibitors should occur, since the various mechanisms will involve different enzyme 
systems. The different response to AS 2 O 8 observed in t\v"o series of the present 
study can be easily understood on the assumption of the presence of different mi- 
crobial floras. The non-interference of this poison with ammonia production in 
one of the series is not surprising ; it has been found that the deamination of amino 
acids by kidney slices proceeds also in the presence of arsenite (Krebs, 1933). 
There is also a parallel to the ineffectiveness of iodoacetate; Geimann (1936) re- 
ports that it does not suppress the ammonia formation within the tissues of the 
medusa Aurelia. 

The fact that cyanide retards, but does not completely suppress, ammonia forma- 
tion is of interest. It is known that all cases of oxidative bacterial deaminations so 
far studied are inhibited by 0.005 M KCN (Stephenson, 1939). Our observations 
may therefore be taken to indicate that under normal conditions oxidative deamina- 
tions occur and predominate in decomposing plankton samples. They are probably 
catalyzed by heavy metals. In our cyanide-inhibited samples ammonia formation 
would then be due to one of the other mechanisms. We cannot decide at the present 
time whether the slower rate of ammonia formation is due to a weakly developed 
alternate mechanism in the same bacteria whose oxidative deamination mechanism 
has been inhibited. It is perhaps just as likely that such organisms have been more 
or less completely eliminated and that a longer time is required to build up a bac- 
terial population capable of liberating ammonia from protein or its higher decom- 
position products by a mechanism that is not sensitive to cyanide. 

While the production of ammonia is common to many groups of bacteria the 
formation of nitrite and nitrate is restricted to specialized types. Meyerhof (1916a 
and b; 1917) studied the metabolism of soil nitrifiers belonging to the two groups 
involved. He found that both are sensitive to urethanes and that the nitrate for- 
mation is also inhibited by cyanide, but he did not study the effect of q^anide upon 
the nitrite-forming flora. The present study confirms these observations from the 
corresponding floras occurring in the sea and also establishes the cyanide sensitivity 
of the ammonia-oxidizing flora. 

The action of cyanide can very likely be ascribed to an enzymatic inhibition. 
This is indicated by the observation that even very small concentrations of this 
poison can suddenly interrupt both the nitrite and nitrate formation ; i.e., inhibition 
takes place even when the floras have already been built up. One is not dealing, 
therefore, merely with suppression of the development of the necessary number of 
microorganisms. 

It seems likely that the formation of both nitrite and nitrate is catalyzed by heavy 
metals. It is possible that the c 3 d:ochrome system is involved. This seems to fol- 
low from the fluoride inhibition. It has been shown in a variety of biological mate- 
rials that fluoride attacks the cytochrome system ; the actual point of attack seems to 
be cytochrome c, rather than the cytochrome oxiciase itself (Borei, 1945) . It would 
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be of interest to study more fully the possible role of the cytochromes during nitrite 
and nitrate formation. 

lodoacetate and arsenite, in the concentrations employed, are primarily dehy- 
drogenase inhibitors. The inhibition of nitrite and nitrate formation by these poi- 
sons seems to indicate that enzymes of this type are also involved. It is, of course, 
a well established fact that both oxidases and dehydrogenases are frequently linked 
in one chain and that both are necessaiy to complete an oxidative process. 

The inhibition observed in the presence of carbamates would under ordinaiy cir- 
cumstances strengthen the assumption of the participation of dehydrogenases, since 
these narcotics are usually considered as dehydrogenase inhibitors. However, in 
the present case one must be cautious in interpreting the results. It is a well estab- 
lished fact that many organic compounds are definitely toxic to nitrifiers, especially 
in high concentrations (Meyerhof, 1916b; Fred. and Davenport, 1921). For the 
present, therefore, we cannot rule out the possibility of a non-specific action of the 
carbamates. 

A practical outcome of the present study is the suggestion that cyanide, in ex- 
ceedingly low concentrations, may be an effective preservative for sea water before 
analysis for nitrite and nitrate. Various points, however, such as the minimum con- 
centration of cyanide, the time limits of protection, etc,, must be studied before it can 
be recommended for routine use. 
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THE BEHAVIOR AND METAMORPHOSIS OF THE LARVA OF 

BUGULA NERITINA (LINNAEUS) : EXPERIMENTAL MODI- 
FICATION OF THE LENGTH OF THE FREE-SWIM- 
MING PERIOD AND THE RESPONSES OF THE 
LARVAE TO LIGHT AND GRAVITY 

WILLIAM F. LYNCH 
University College, Nezv York Unhersify 

McDougall (1943) noted that the larvae of Bugiila neritina, when liberated in 
finger-bowls containing sea water at room temperature (25-30° C.), swam without 
exception towards the source of illumination and within an hour the majority be- 
came attached to the surface film or to the sides of the container. The larvae re- 
mained positively phototropic throughout their pelagic stage. While experimenting 
with light boxes containing chambers arranged at the same horizontal level but re- 
ceiving different amounts of illumination, however, he found 1,533 settings in the 
two chambers receiving the least amount of illumination, but only half as many in 
the two most brightly lighted ones. Furthermore, on tiles submerged in Beaufort 
Channel the most intense vertical distribution of attached larv’ae was very near the 
bottom at a depth of 79-104 inches. Their numbers gradually decreased up to a 
point 6 inches below mean low watermark; presumably the inability of Bugula 
colonies to tolerate exposure to air for more than a few minutes accounts for tiieir 
absence above this level. These observations indicate that laiwae in their natural 
environment become photonegative and geopositive some time before attachment. 
McDougall (1943) called attention to the marked contrast between the behavior of 
the larvae under laboratory conditions and their apparent behavior in nature. 

The studies reported in this paper w^ere undertaken to determine what environ- 
mental factors may be responsible for the observed distribution of adult colonies at 
Beaufort, North Carolina. Incidentally they led to an investigation of the mech- 
anisms involved in causing metamorphosis. 

The general literature on the development and metamorphosis of the Bryozoa is 
fairly extensive. A monograph by Barrois (1877), reviewing the behavior, devel- 
opment and metamorphosis of representative types of both endoprocts and ecto- 
procts, is the most comprehensive single treatise in the literature. Other important 
contributions have been made by: Schneider (1869), Qaparede (1870), Nitsche 
(1870), Metschnikoff (1871), Allmann (1872), Salensky (1874), Schmidt (1876), 
Hatschek (1877), Joliet (1877), Repiachoff (1877), Barrois (1879; 1882; 1886), 
Hinks (1880), Harmer (1885; 1887; 1903; 1931), Ostroumoff (1885; 1886), 
Vigelius (1886), Pergens (1889), Prouho (1890; 1892), Seefiger (1890; 1906), 
Calvet (1900), Kupelwieser (1905), Marcus (1921; 1926a, b, c,), Waters (1925), 
O’Donoghue (1926), B. H, Grave (1930), and Rogick (1939). 

Although a considerable amount of experimental work has been done during the 
past fifteen years on the behavior and metamorphosis of larval ascidians and a few 
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other sessile organisms, only a few observations have been recorded for the Bryozoa. 
The swimming movements of the larvae and their reactions to light have been de- 
scribed briefly in the earlier literature; but attempts to modify their behavior under 
controlled conditions have been confined largely to those of Marcus (1926a, c) and 
B. H. Grave (1930). The latter dealt exclusively with experimental modifications 
of the reactions of the larvae to light. The former, by employing vertical tempera- 
ture gradients, demonstrated the existence of a fright-reaction and a lethal tempera- 
ture zone at 38° C. for the larvae of the fresh-water species, Plumatella fungosa. He 
also briefly recorded the failure of these larvae to respond to an increasing oxygen- 
gradient and their lack of conformity to the generally accepted rules for determining 
the effects of viscosity and temperature on the speed of swimming movements. 

McDougall (1943) discussed the breeding period, growth-rates and seasonal 
distribution of colonies of Bugula neritina in the Beaufort region and, after briefly 
referring to the behavior of the larvae, emphasized the need for further research. 
Since the embryology of this species has not yet been reported, a brief description of 
the larva, an account of the events that take place during metamorphosis and the 
duration of its various phases are presented. A review of the literature shows that 
the earlier embryologists only vaguely described the length of the post-fixational 
sequences of other species of Bryozoa. Among more recent writers, B. H. Grave 
(1930) has given an excellent description of the larvae of S. flabellata and B. twr- 
rita from the Woods Hole region and has recorded the growth rates during the 
later embryological stages, but his account of the early phases of metamorphosis is 
somewhat brief. 


Distribution of Bugula Neritina 

This semi-tropical species is abimdant in the Dry Tortugas, Florida (Osbum, 
1914), in Japan (Miyazaki, 1938), in Hawaii (Edmondson, 1944) and on the coast 
of Cdifomia (Robertson, 1905). Canu and Bassler (1929) found it in the Philip- 
pines; Verrill and Smith (1874) have recorded it for the Bermuda Islands, Calvet 
(1900) for the southern coast of France and Osbum (1927) for Curasao. Al- 
though it apparently does not range farther north on the Atlantic Coast than Beau- 
fort, North Carolina, it is replaced along the northern half of the East Coast by a 
closely related species, Bugula turrita, which can be distinguished from it by the 
presence of avicularia. 

The adult organisms are purplish-brown, branching colonies, which may reach 
a length of 10-12 cm, McDougall (1943) found that the vertical distribution of 
these colonies was most dense at a distance ranging from 6 inches to 3 feet below 
mean low water. Colonies near the surface were longer than those nearer the bot- 
tom and growth was more luxuriant. The distribution of adult colonies, therefore, 
differed considerably from that of the larvae. The writer found the bottom of a 
large raft to be the most suitable place for collecting adult specimens, which grew 
luxuriantly in dose association with the asddian, Perophora viridis, Pennaria, 
which is frequently associated with B. neritina, grew abundantly along the sides of 
the raft, but was almost entirdy absent from the bottom. Light seems to be a 
controlling factor in causing the former organisms to attach and grow in deeply 
shaded regions and the latter in places exposed to bright sunlight. Along the 
western coast of North America, S, neritina becomes the dominant pile-dweller 
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during November, when it replaces the formerly predominant algal community, 
with which it is closely associated (Scheer, 1945). 

Since B. neritina grew abundantly near the laboratory on rafts and pilings 
within arm’s length of the surface, it was surprising to find a much altered situation 
less than a mile up the mouth of the Newport River. Here Bryozoa could not be 
found at all on pilings within three feet of the surface. Scrapings from regions low^er 
dowm failed to bring up any specimens. A few sparsely growring colonies were 
found near the bottom of submerged objects that could be raised to the surface from 
a depth of 6 or 8 feet. Since samples of the water showed a surprising decline in 
salinity within a range of half a mile, it was considered probable that the salt con- 
tent might be a controlling factor in bringing about the observed horizontal distri- 
bution in this region. 


Materials and Methods 

Since the histological details of the development of several species of Bryozoa 
are well-known, the writer used only living material for the embryological observa- 
tions and the experimental work. Through the facilities ojffered by the U. S. Bu- 
reau of Fisheries, Beaufort, North Carolina, the larvae for these studies were ob- 
tained from sexually mature colonies placed in finger-bowls and kept in running 
water. These colonies usually yielded a considerable number of larvae each day 
for a period of ten days to two weeks. In some instances, however, larvae w’ere 
produced in enormous numbers for five or six days ; but at the end of that time 
they were no longer shed, and the colonies had to be replaced with fresh ones. 
During the summers of bo A 1944 and 1945 it was observed that there were periods 
lasting about a week when larvae were almost unobtainable in large numbers, even 
when fresh colonies had been gathered the night before. These periods occurred 
at approximately the same time each year, tow^ards the end of the first wek in Au- 
gust. Since there seemed to be no unusual variations in temperature or sunshine, 
the cause of this phenomenon was not determined. 

Although it would be preferable, indeed, to use only larvae from a single colony 
for each set of experiments, nevertheless the small number that would be obtainable 
by such a procedure practically precludes the attainment of such a desideratum. 
Some of the variations in the behavior of the larvae under similar experimental con- 
ditions may be attributable, perhaps, to diflFerences in genetic strains. It seems more 
likely, however, that the length of time that the larvae have remained in the ovicells 
before being shed is a more important factor in introducing seemingly fortuitous 
variations in the length of the free-swimming period. The larvae, as a rule, show 
a remarkable uniformity in their behavior under similar environmental conditions ; 
genetic variations seem to play only a minor role in determining the length of the 
free-swimming period. 

For observations on the responses of the larvae to light and gravity at reduced 
temperatures, stender dishes 5 cm. in diameter and 3 cm. deep were used exclusively 
during the first summer. During the second summer, homeopathic vials 8 cm. 
long and 1.5 cm. in diameter were used for these observations and for those on the 
eflEects of salinity. For most of the light experiments, vials 16 cm, long and 1.8 cm. 
in diameter were employed. These were scrubbed carefully with soap and water 
and then rinsed thoroughly with sea water. A light-box, 8 X 8 X 30 cm., was 
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constructed so that light could enter only one end of a vial placed within it. Well- 
slides w^ere used for microscopic work. 

Shortly before tlie experiment was to begin, finger-bowls containing adult col- 
onies were placed near a window that admitted diffuse daylight to the laboratory. 
When larv-ae were liberated, they swam immediately towards the side of the dish 
nearer the window and collected there in swarms just beneath the surface film. 
They could then be pipetted to the various experimental vials, which were numbered 
so that a record of the time of placement could be kept. Since the liberation of Jar- 
vae is photoperiodic, generally beginning 30-40 minutes after the parent colonies 
are exposed to light, active specimens could be obtained throughout the day, if the 
containers w’ere placed in a darkroom on the preceding evening and removed to a 
window a short time before the larrae were needed. Although active swimmers 
could be obtained as late as 3 :30 p.m. (E.S.T.) by this method, the number of larvae 
shed in the afternoon was generally small in comparison with the number liberated 
between 7 a.m. and noon. Since the darkroom was not equipped with a system of 
running sea water, the food supply of the adult colonies may have been inadequate 
under these conditions for the proper development or liberation of larvae. The 
finger-bowls were generally kept in the aquarium, w’hich was situated in a fairly 
well-shaded spot; only on days when the room was flooded with light from an early 
hour were the larvae shed in large numbers before the experiment began. Observa- 
tions were usually made between 7a.m. and noon, although in some cases they had 
to be carried out until 6 p.m. and in one case until 10 p.m. Larvae were most abun- 
dant during the first two hours after exposure of the parental colonies to light. 

Observational Section 

Structure of the larva 

The larva of B. neritina resembles other larvae of the same genus in its structural 
features and its general contour. It may be described as pyriform rather than 
peach-shaped, however, with average dimensions 0.20-0.22 X 0.27-0.30 mm., al- 
though smaller specimens were observed at times. At the narrower end of the 
body the convex apical organ, the “calotte” of Barrois (1879), is clearly set off from 
the rest of the larva by a crown of rigid cilia and by a circular groove or collarette, 
the pallia! furrow (Fig. 1). Its coloration is somewhat lighter than the rest of the 
larva, which looks green by reflected light, but brown by transmitted light because 
of the numerous pigment granules imbedded in the body. The middle of the apical 
organ has a darkly pigmented spot whose center shows a tiny clear area that some- 
times disappears when the surrounding tissue suddenly contracts (Fig. 4) . This 
spot marks an opening into a shallow cavity in the interior of the larva. The 
broader end, which corresponds to the oral depression of larvae that have a rudi- 
mentary or functional alimentary canal, contains in its center an invagination form- 
ing the relatively voluminous internal sac or sucker, the “saugnapf” of Pergens 
(1889), whose opening to the outside is marked by a ring of black pigment (Fig. 3). 
Tht internal sac becomes so distended by a secretion of granular material from its 
walls that the whole region between the equator and the oral depression bulges like 
the broader end of a pear. The median furrow, which B. H. Grave (1930) called 
a lateral groove, is clearly defined by its lighter coloration and by the absence of 
pigment (Fig. 2). In die median furrow near the equator is a tuft of four, long. 
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blunt vibratile flagella that beat in unison. This is the ‘‘plumet ciliaire” of Barrois 
(1877). The median furrow and its associated glandular structures constitute the 
piriform organ. In some specimens there are two, small, darkly pigmented e>e- 
spots near the tuft of flagella and symmetrically placed with reference to the median 
furrow. They can be seen from the opposite side through the somewhat transparent 
larva (Fig. 1). On the side of the larva opposite the median furrow are two, prom- 
inent, black, diamond-shaped eye-spots lying almost on the equator and about 90® 
apart. These structures are a constant feature of the larv’ae and ser^^e as excellent 
landmarks for their proper orientation during swimming movements. A tiny, 
white area that appears frequently in the center of each eye-spot, w’hen light falls at 
the proper angle, is somewhat difficult to interpret ; probably it is caused by a con- 
centration of light brought about by a crystalline lens that covers the eye-spots, as 
Nitsche (1870) has described for another species of Biigida, The locomotor cilia, 
which cover the body except in the region of the apical organ, are more active near 
the apical organ than on the half of the body containing the oral depression; if 
stationary larvae are observed, water currents can be seen flowing from the region 
near the apical organ to the equator and then outwards and back again to complete 
a circle. Since locomotor cilia of most bryozoan larvae are found only on the enlarged 
coronal cells that form an elevated ring around the body of the organism, Barrois 
(1877) has interpreted the presence of cilia on the whole body of Bugiila larvae as 
an indication that the corona has spread out enormously in these forms, so as to oc- 
cupy the whole region between the apical organ and the oral depression. This view 
is supported by the fact that the corona of Flusfrella hispida is a single band around 
the oral pole, whereas it is separated into two distinct bands in the larva of Cypho- 
nautes compressus and in other forms having a similar type of larva. It is quite 
possible, however, to regard the condition in Bugula as primitive ; condensation of 
the cilia into bands may not have occurred until a later period of phylogenetic de- 
velopment. 

Changes in body contour, accompanied by elongation of the larvae, can be ob- 
served frequently. In some cases larvae look lobular rather than pear-shaped, as 
though they were divided into four lobes by two deep constrictions running at right 
angles to each other (Fig. 5). This appearance results from a contraction in the 
region of the equator accompanied by a depression of the apical organ. 

Orientation and swimming movements oj the larva 

The larvae usually swim with their long axes tilted at an angle of 45° with the 
vertical, if they are advancing in a definite direction and are not in contact with the 
bottom of the container or the surface film. Both the apical organ and the tuft of 
vibratile flagella are in advance and the median furrow is directed downward. In 
this respect the larvae differ from those of 5. flabellata, which swim with their long 
axes directed horizontally, and from the larvae of the Escarina, in which the long 
axes are vertical (Barrois, 1877; 1886). Spiral movements, however, can be ob- 
served frequently. While spiralling, the organism usually has its median furrow on 
the outside of the spiral. This is probably why B. H. Grave (1930) called it a lat- 
eral groove. (He clearly described the function of the fiagdla and cilia in these 
movements.) If the larvae are in contact with parts of the container or the surface 
film, they progress by creeping movements with the median furrow and the vibratile 
flagella in contact with the surface. Sometimes, while on the bottom, they spin on 
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their long axes and show in quick succession first the median furrow and then the 
pigmented eye-spots. 

Observations of these diverse methods of locomotion have brought about a cer- 
tain amount of confusion in the literature on closely related species. Calvet (1900), 
for instance, in referring to the larva of B, sabbatiere described the half containing 
the eye-spots as posterior and the other half bearing the median furrow as anterior. 
B. H. Grave (1930), on the other hand, referred to the apical organ of B, flabellata 
as the anterior end. His orientation is in agreement with that of Barrois (1877). 
As Grave (1930) noted, it is necessary to distinguish the anterior half of the larva, 
as determined by its forward motion, from the morphological anterior end ; for the 
mouth, when one is present in brj^ozoan larvae, is opposite the apical organ. Bar- 
rois (1877) cited similar cases showing the different interpretations of various ob- 
servers regarding the orientation of the cyphonautes larva of Membranipora pilosa 
(Electra pilosa) (p. 232). It seems worth noting that the sensory structures, the 
apical and piriform organs, are in advance as the larva moves forward and first come 
in contact with the environment. According to Prouho (1890) the apical organ of 
Flustrella hispid a is connected to the piriform organ and also to the cells of the 
corona by nervous tissue. There can no longer be any doubt about the sensory na- 
ture of either the apical or piriform organs. 

During the early part of the larval period, relatively long distances are covered 
by a spiralling motion. Finally there is a slowing down of movement, accompanied 
by a change in the method of progression. Spiralling ceases, and the larvae, now 
swim in circular planes parallel to the substrate ; the radii of the concentric circles 
formed by the larvae decrease in length as the onset of metamorphosis approaches. 
Eventually they slow down enough to be kept within the low-power field of the 
microscope. While swimming in circles, larvae often behaved as if a very fine, 
sticky thread trailed beneath the piriform organ, which was downward at the time. 
Although the thread itself could not be seen, several larvae w^ere observed to pull 
debris, with considerable difficulty, at a distance of several millimeters ; they could 
be pushed and pulled with a probe at a short distance from their bodies. 

Before fixation, larvae alight on a suitable substrate and begin to rotate counter- 
clockwise on an axis running from a point midway between the eye-spots to the op- 
posite side, where the piriform organ touches the substrate. This continues for S 


Plate I 

Figure 1. Profile view of the larva showing pigmented eye-spots. 1. Convex apical organ, 
2. Crown of rigid cilia, 3. Collarette or pallial furrow, 4. Eye-spots on the opposite side, seen 
through the somewhat transparent larva, 5. Ciliated corona, 6. Eye-spot, 7. Pigmented band. 

Figure 2. Profile view showing the median furrow and associated structures (the piriform 
organ). 1. Part of the glandular system, 2. Eye-spot, 3. Tuft of vibratile flagella, 4. Median 
furrow, 5. Oral depression. 

Figure 3. A three-quarters view showing the position of the long axis during spiral 
movements. 1. Opening to the internal sac, 2. Oral depression. 

Figure 4. View showing the apical organ. 1. Opening in the apical organ, 2. Crown of 
rigid cilia, 3. Pallial furrow. 

Figure 5. View showing the larva compressed in the r^on of the equator with the 
apical organ retracted. 1. Retracted apical organ. 

Figure 6 . Profile view, 15 seconds after fixation, showing characteristic hour-glass ap- 
pearance. 1. Pallial furrow, 2. Vibratile flagella, 3. Ejected holdfast 
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or 10 minutes. Rotation gradually decreases in speed and finally stops just before 
attacliment. The flagella of the vibratile plume enable the larvae to choose places 
suitable for fixation. Light and shadow undoubtedly play an important role in the 
selection of a favorable spot. 

M etamorphosis 

Just before fixation the larva actually appears to be anchored to the point of at- 
tachment by an invisible thread-like substance. If it is going to attach to the bot- 
tom of a well-slide, it alights with the eye-spots uppermost and the median furrow 
along the substrate. While it revolves slowly, always in a counterclockwise direc- 
tion, it changes its shape, so that it looks like an oblate spheroid, bulging at the 
equator and flattened in the region of the apical organ and oral depression. Per- 
haps these changes in body contour indicate the establishment of a new polarity just 
before fixation, since Child (1925) found that a reversal of polarity occurs in hydro- 
zoan larvae immediately before attachment. 

Before setting, the vibratile flagella are very active, feeling the surface of attach- 
ment, while the larva revolves slowly for 3 or 4 minutes. At the moment of fixa- 
tion the median furrow grasps the substrate by means of its ridges, which are both 
muscular and glandular. Within a second or two the larva elongates, so as to dou- 
ble the length of the long axis of its body. Then very suddenly the internal sac, 
containing a white, translucent, slightly granular, jelly-like material, is everted and 
forms a light colored, rounded mass beneath the organism, which is almost as large 
as the larva itself. 

Simultaneously with the eversion of the internal sac, the median furrow releases 
its grip on the substrate and the larva rotates, so as to change the original long axis 
of the organism from a horizontal to a nearly vertical position. The apical organ, 
therefore, is brought upwards, but in such a manner that it faces away from the 
source of illumination at an angle of 15 or 20® from the vertical. As the larva ro- 
tates, it orients itself by squirming movements, until the eye-spots are located on 
the lighted side. The writer did not observe that the apical organ in this species 
points towards the source of illumination at the time when metamorphosis com- 
mences, as Grave (1930) has described for B, flabellafa. After fixation the aboral 


Plate II 

Figure 7. “Umbrella stage” (semi-diagrammatic optical section). 1. Epithelium from the 
pallial furrow, 2. Holdfast. 

Figure 8 . Diagram showing epithelium from the pallial furrow forming a firm union with 
the holdfast. 1. Epithelium from the pallial furrow, 2. Reflected original larval covering. 

Figure 9. The fixed larva viewed from above, 13 minutes after fixation. 1. Ringed cavity 
surrounded by degenerating ciliated larval covering (the corona), 2, Gliated covering in the 
process of degeneration, 3. Transparent anhiste zone (the holdfast), 4. Eye-spots seen through 
the new larval covering (epithelium from the pallial furrow). 

Figure 10. The fixed larva, viewed from above, 18 minutes after fixation. The horse-shoe 
shaped mass has increased in diameter. 

Figure 11. The cystide, nine hours after fixation, showing a cut in the region where the 
piriform organ was situated. The rudiment of the polypide can be seen in the center. 

Figure 12. The cystide somewhat older than that shown in Figure 11 (about 12 hours 
after fixation). The rudiment of the polypide is already well-formed. 1. Granular material 
being extruded into the surrounding water, 2. Break in the outer cystide wall, 3, Rudiment 
of the polypide. 
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end of the attached larva and later the apical part of the first zooid are oriented so 
as to point awa}' from the direction of the incoming light. 

With the eversion of the internal sac, which formerly distended the oral hemi- 
sphere of the unmetamorphosed larva, the central portion of the body collapses 
somewhat and forms a narrow column supporting the apical organ on top and con- 
necting it to the upper part of the evaginated internal sac beneath. Thus the cen- 
tral region of the organism becomes constricted and the larva assumes a character- 
istic hour-glass appearance (Fig. 6). A cavity is foraied in the region formerly 
occupied by the internal sac. This hour-glass appearance lasts only 3 or 4 minutes, 
while the larva orients itself to light. If the slide is subsequently turned through 
an angle of 180°, no further orientation will take place; the eye-spots will remain 
on the side opposite the source of illumination. 

Then very suddenly the apical epithelium unfolds from the pallial furrow, where 
it was tucked-in to form the collarette, and extends outward and downward, carry- 
ing with it the upper border of the ciliated larval covering as it migrates towards 
the adhesive plate (Fig. 7). This is the “umbrella stage*" of Barrois (1886). The 
ciliated covering of the larva thus becomes reflected outward and downward, until 
it finally becomes completely enclosed by the apical epithelium (Fig. 8). The cells 
of the latter become stretched and flattened, so that their resultant transparency al- 
lows prominent landmarks like the pigmented eye-spots to be seen beneath it. The 
latter are carried downward during this process, until they finally rest just above the 
everted internal sac, where they form prominent bulges ; they remain visible for IS 
or 20 minutes after fixation (Fig. 9). Then with a sudden contraction the apical 
organ is pulled down towards the everted internal sac, which becomes flattened to 
form an adhesive plate. The larva now looks like a rounded cup inverted over a 
plate. 

Just after the aboral organ is pulled down towards the adhesive plate, the fixa- 
tion substance seems to grow larger in diameter, when viewed from the apical pole. 
This is probably caused by a flattening-out of the adhesive material and by a simul- 
taneous constriction of the central, ciliated, papilla-like structure, which forms a ring 
of small diameter. At this time the opaque parts of the organism, the ciliated for- 
mer outer covering and the apical organ, measure 0.14-0.15 mm. in diameter. Then 
the size of the adhesive plate seems to decrease again and at the same time the cen- 
tral ciliated mass widens, so that the clear area in the center becomes larger (Fig. 
10). This appearance of a decrease in the diameter of the adhesive material can be 
attributed to the beginning of a union of its outer margin with the lower border of 
the reflected epithelium from the pallial furrow^ which forms a new covering for the 
organism. The adhesive apparatus itself consists of a lower layer of transparent 
material, probably a cement-like adhesive substance formerly contained in the in- 
ternal sac, and a smaller layer on top ; the latter, which is somewhat pigmented, is 
the border of the internal sac. 

The lower border of the epithelium from the pallial furrow does not form a firm 
union with the adhesive plate until 20 or 30 minutes after fixation. The cilia, at 
the margin of the former larval covering and the epithelium from the pallial furrow 
which covers it, may be seen beating for as long as 10 or IS minutes after attach- 
ment. The vibratile flagella continue to move rapidly at first and then spasmodi- 
cally for 5 or 10 minutes longer, until the cells to which they are attached have been 
carried well into the interior. Before these cells have migrated to a position nearer 
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the center of the larva, the flagella can be seen sticking out on top of the adhesive 
plate, which forms a prominent bulge in this region (Fig. 9). In many instances 
granular material was observed to be extruded into the surrounding water, as if the 
adhesive plate w^ere ruptured by the movement of the flagella. Finally, they retreat 
completely within the new outer covering. 

As a result of all these changes, the vibratile flagella and the associated piriform 
organ, as well as the whole ciliated original larval covering, have become enclosed 
by a new outer covering formed by epithelium from the palliatl furrow. At this time 
the larva looks like a sac, closed on the bottom by the adhesive plate ; its top and 
sides are formed by the apical organ and by the epithelium from the pallial furrow 
respectively. Its wall is lined on the inside by the ciliated former larv-al covering, 
which looks like a C-shaped mass, a ringed hole, within the larva. This C-shaped 
appearance can be attributed to the fact that the ciliated epithelium is darkly pig- 
mented and opaque, except in the region of the piriform organ. What looks like an 
opening in the ring is undoubtedly the unpigmented piriform r^ion, for the flagella 
always retreat inward from this side of the larva. After 10 minutes this ring grad- 
ually widens, the central clear area grows larger in diameter and the pigment seems 
to diffuse. This change probably results from the disint^ration of the ciliated 
larval covering and of all the organs that served a useful purpose in the free-swim- 
ming organism. 

Shortly after the apical epithelium emerges from the pallial furrow to form a 
fold which advances downward towards the adhesive plate, the apical organ loses its 
vesicular appearance and the tiny opening in its center begins to grow wider. Dur- 
ing this time the apical epithelium can be seen advancing outward very slowly, as if 
it were being pulled and stretched by the new larval covering. This partially clari- 
fies the observation that the upper margin of the old ciliated covering retreats in- 
ward very gradually, as the amount of material of the new covering is augmented 
very slowly by additions from the apical region. 

Apparently the whole apical organ invaginates into the center of the C-shaped 
depression and undergoes histolysis, just as Prouho (1890) described for FlustrcUa 
hispida. He stated that the rudiment of the polypide, although it makes its appear- 
ance in this region later on, does not develop from the invaginated apical organ but 
rather from a meso-ectodermal disc formed independently from apical epithelium 
and from an internal mesodermal rudiment. The apical organ, like all the other 
organs that functioned in the free-swimming larva, degenerates after invagination. 

Within an hour after fixation the adhesive plate, in the r^on where the vibratile 
flagella retreated, becomes deeply constricted by a notch, which can be seen for 4 or 
5 hours after attachment (Fig. 11). One or two dark protrusions sometimes ap- 
pear on the side opposite the notch. These are apparently the eye-spots pressing 
against the outer covering of the metamorphosing organism. 

The larva passes into a stage known as the cystide about an hour after fixation. 
During this time the ectodermal walls secrete a thick covering, the ectocyst, which 
makes observation difficult. The further development is essentially similar to that 
described by Prouho (1^0) for Flustrella hispida. 

Eight or nine hours after fixation the rudiments of the polypide can be distin- 
guished near the top of the elongating mass opposite the basal end and in the center 
of the noW'* poorly-delimited C-shaped ring (Fig. 11). Twenty-four hours after 
fixation the zooedum and the polypide within it are clearly recognizable. The 
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zooecium itself is club-shaped, broader at the apical end where the lophophore will 
appear, and gradually narrowing towards the basal end, but flaring-out again at 
the point of attachment. At the end of 24 hours the young zodids measure 0.6- 
1.0 mm. By 48 hours they have reached a length of 0.74-1.2 mm. and at 49 
hours, 0.8-1 .3 mm. The lower four-fifths of the body of the 24-hour zodid is com- 
posed of transparent material derived from the adhesive plate; within it the tube- 
like pol}T)ide can be seen extending to the base of the holdfast. The apical end is 
made up of pigmented material, which forms a somewhat elongated, spherical mass 
that looks considerably like the unmetamorphosed larva. The transparent zooecial 
wall encloses this spherical mass. At the extreme tip of the apical end two black 
spots mark the lophophores of the first and second individuals of the colony. The 
tentacles of the first are usually everted at the end of 28 hours ; by this time a bud 
for the second individual is already well formed. Its tentacles are not everted, 
however, until approximately 48 hours have elapsed. 

Since the lophophore and mouth of the first individual of the colony are formed 
in the region fonnerly occupied by the apical organ of the larva, there is a reversal 
of polarity through 180°. The oral end of the larva becomes the aboral end of 
the ancestrula of the colony. 

The eversion of the internal sac and the events that take place during the 
''umbrella stage” occur so rapidly that the writer had to observe 40 or 50 larvae in 
order to get a clear grasp of the details. The "umbrella stage” can be seen best, 
when larvae attach to the lateral walls of a well-slide. On the other hand, the 
fimbriated nature of the holdfast can be seen only when larvae attach to the surface 
film. In this case the piriform organ is upward and the eye-spots are downward 
at the moment of fixation. Then the internal sac is suddenly everted upwards 
above the larva like a relatively huge balloon. The larva then turns, so as to 
bring the apical organ downward beneath the surface and the oral depression 
upward. 

Larvae that attach to the surface film show no irregularities of development. 
The tentacles of the first individual and sometimes the second are everted in a 
normal manner, and they snap vigorously during active feeding. They are quickly 
withdrawn into the tentacular sheath, if the water is disturbed by jarring the table. 
When they are touched with a probe, their holdfasts cling tenaciously to it. Al- 
though the longevity of these larvae was not determined, on several occasions they 
were still alive 3 or 4 days after fixation. By this time the young zooids had 
turned over, so that the tentacles protruded upwards. Strangely enough, they 
formed a continuous chain by means of thread-like projections that united each of 
them to the adjacent zooids. 

Although Visscher (1927) found that more bryozoan larvae affixed themselves 
to red test panels than to green, black or yellow ones and that none attached to 
white panels, the writer found no evidence that the larvae of S, nerifina showed 
any preferences for pieces of red brick placed within the finger-bowls. They did 
prefer, however, the rougher surfaces of submerged test panels to the smoother 
parts, just as Visscher found. It appears likely that these larvae prefer to attach 
to organic material. In nature they frequently affix themselves to algae and to 
established bryozoan colonies. Although the presence of bacterial slime favors the 
attachment of most macroscopic organisms (ZoBell and Allen, 1935) and seems to 
be a prerequisite for the fixation of barnacles (Hillen, 1923), it does not have 



BEHAVIOR AND METAMORPHOSIS OF BUGULA 


127 


any influence on bryozoan larvae (Scheer, 1945; Miller, 1946). Scheer (1945) 
found that bryozoan larvae would not attach to glass plates unless they had been 
submerged for at least two weeks; but they were influenced only by the abundant 
diatom population that had accumulated. The writer observed, during a three- 
week period in which larvae were shed daily in a finger-bowl, that 20 or 30 had 
attached to the body of a young Styela that was 2 or 3 cm. below the surface of the 
water, but none attached to the side-walls at this level. 

Experimental Section 

The effects of temperature on the responses of the larvae to light and gravity 

Grave (1930) found that the larvae of Bugiila flabellata are photopositive dur- 
ing the greater part of their free-swimming period but become negatively phototactic 
shortly before fixation.^ Mast (1911), too, found that other organisms show a 
similar reversal of phototropism from positive to negative as they approach the end 
of the pelagic stage. The larvae of 5. neritina, however, under ordinary labora- 
tory conditions of temperature and salinity were never observed to become nega- 
tively phototactic at any time; swarms of metamorphosed larvae could alw'ays be 
found on the lighted side of the container within an hour after they had been shed. 
Furthermore, they maintained a definitely negative geotaxis throughout the entire 
larval period and attached in large numbers just beneath the surface film. In some 
instances they attached to the sides of the container, but fixation always took place 
at or near the surface. Here, then, was a paradox ! What factors in nature, not 
operative under the unusual conditions of the laboratory, could be responsible for 
causing larvae to attach near the bottom of the channel and in regions not exposed 
to the direct rays of the sun? At first, temperature seemed to be the most likely 
factor, for setting of the larvae occurs most abundantly during April and May 
(McDougall, 1943), when the sea water is relatively cooler than it is during the 
summer months. Again, it seemed likely that the more normal behavior of the 
Woods Hole species in the laboratory might be due not so much to specific difTer- 
ences as to lowered temperature, for the average temperature prevailing there 
during May, June, July, and August is 6° below that at Beaufort. 

The h3rpothesis that temperature might be a controlling factor in bringing about 
the observed distribution was first tested during the summer of 1944. Although a 
reduction of temperature to coincide with that of the channel during April and May 
did not change the geotropism of the larvae, further cooling had a marked effect. 
The results of two experiments, selected from many similar ones with both stender 
dishes and vials, are summarized in Table I, which shows the responses of the 
larvae to both a descending and an ascending gradient. Counts were made at 
approximately 2.S-3.0-minute intervals during a 30-minute period, just long enough 
to reverse the geotropism of all the lar\ae. The vials w^ere immersed in ice- 
water, and temperatures were taken at the bottom, where the water w’as 4 or 5® 
cooler than on top. Although no definite temperature could be determined as the 
critical one at which all the larvae were either geopositive or geonegative, never- 
theless the data in this table and in others not recorded shovr that the greatest shift 

1 The terms, phototropism and phototaxis, will be used synonymously in this paper, with- 
out regard for their original meaning as described by Mast (1911, p. 253). These organisms 
may be either phototactic or photopathic, according to the older terminolc^. 
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from one response to the other occurred between 20 and 23.5° C. It can be noted 
that larvae exhibit a kind of inertia to a change of position, when either ascending 
or descending temperature gradients are employed. A change in geotropism is a 
function of time as well as of temperature. Thus, a drop of 13° had effected a 
change in only 37 per cent of the larvae ; the remaining 63 per cent were effected 
by a change of only 3°. During the last 15 minutes of the experiment when the 
temperature remained constant (at 7°), 35 per cent of the larvae descended to the 
bottom. Similarly 65 per cent had not responded to a rise of temperature from 

Table I 


Temperature 

Number of geo- 
positive larvae 

Percentage 

geopositive 

23.0 

0 

0 

14.1 

16 

34 

10.0 

17 

37 

9.5 

19 

41 

9.0 

22 

48 

8.5 

24 

52 

7.5 

25 

54 

7.0 

30 

65 

7.0 

33 

71 

7.0 

34 

74 

7.0 

36 

79 

7.0 

39 

85 

7.0 

46 

100 


Number of geo- 

Percentage 

Temperature 

positive larme 

geopositive 

7.0 

46 


10.0 

43 

93 

12.0 

40 

87 

14.0 

40 

87 

16.0 

34 

73 

18.0 

30 

65 

20.0 

21 

45 

20.5 

15 

33 

21.5 

12 

26 

22.0 

3 (active) 

6.5 


7 to 18°. During a subsequent 15-minute period, however, all but 6.5 per cent 
had reversed their positions in the vial, even though the temperature rose only 4°. 
Nine larvae, having attached at the bottom, could not respond. 

Not only does a reduction of temperature change the geotropism of the larvae, 
but it also prolongs the free-swimming period. When normal sea water was cooled 
to 7 or 8° C., more than 80 per cent of the larvae were found to be active at the end 
of an hour, in contrast to only 6.7 per cent in the controls. In general, it may be 
stated that the average free-swimming period can be prolonged 2-3 hours by 
cooling the medium. Although the extreme limit to which the natatory period could 
be extended by treatment with cold water was not determined, nevertheless, in sev- 
eral instances 20-30 per cent were found to be active at the end of 5.5 hours. If we 
take into consideration the fact that the majority of larvae metamorphose at room 
temperature within 30-60 minutes after release from the ovicells, the effects of tern- 
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perature on the length of the swimming period are very marked. Marcus (1926c) 
made similar observations on the larrae of fresh-water bryozoans. 

The motility of larvae can also be modified by temperature. When quiescent 
larvae, which had not yet metamorphosed, were taken from containers at room tem- 
perature (28° C.) and placed in water at 7-18°, they immediately became active. 
Although it is difficult to judge the degrees of motility merely by observ^ation, ap- 
parently the greatest amount of activity was exhibited when the temperature was 
reduced to 16°. At 12° it was still considerable, but less than at 16°. At 7° mo- 
tility was still more reduced and activity was largely confined to creeping move- 
ments. 

Some organisms reverse their reactions to light when the temperature is reduced. 
ThuSyEuglena (Mast, 1911), ChromuUna (Massart, , Acartia (Esterly, 1919) 
and haematococcus svrarm spores ( Strasburger, 1878) are photopositive at room 
temperattire (18-20° C.) but become negative when the temperature is reduced 
(to 4—8° C.) Others, such as Polygordius (Loeb, 1905), change from positive to 

Table II 


Temperature 

Percentage nearer the 
source of illumination 

Percentage intermediate 

Percentage farther from the 
source of illumination 

22 

35.0 

31.2 

33.8 

20 

73.0 

4.0 

23.0 

19 

19.4 

16.0 

65.0 

19 

31.0 

14.0 

55.0 

19 

Sl.O 

0 

19.0 

17 

76.2 

14.3 

9.5 

13 

80.0 

20.0 

0 

9 

80.0 

0 1 

20.0 

7.5 

0 

51.7 : 

48.3 


negative with a reduction in temperature. Daphnia, on the other hand, shows no 
reversal of phototropism when the temperature is changed ( Yerkes, 1900) . In order 
to determine the effects of various temperatures on the phototropic reactions of the 
larvae of B. 7ieritina, the following observations were made (Table II). Contrary 
to expectations based on casual observations, these experiments led to the conclu- 
sion that in cold w'ater the larvae merely lose their otherwise intense positive reaction 
to diffuse daylight and become more or less indifferent, swimming back and forth 
towards and away from a source of illumination. Although B. H. Grave (1930) 
had observed that this activity precedes a definitely negative reaction in B, flahellata, 
the writer found that setting of the larvae of S. neritina occurred more or less at 
random in water at reduced temperatures. 

Since larvae metamorphosed, apparently without any exceptions, on the lighted 
side of finger-bowls containing water at room temperature, for a time it was con- 
sidered that they were photopositive at the time of attachment. When small vials 
were used, however, fixation occurred in 70 'per cent of the cases either at random 
or at the center of the vials in circular masses just under the surface film. Ap- 
proximately 50 per cent were on the half of the disc farther from the source of il- 
lumination. These settings seem to indicate that even at room temperature larvae 
become indifferent to light shortly before fixation. Since phototropism is correlated 
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with the amount of activity of the larvae, active swimmers are almost universally 
photopositive ; as activity decreases, they lose their intense positive reaction to light 
and become more or less indifferent. Because a reduction of activity occurs only a 
very short time before metamorphosis, larvae under laboratory conditions usually 
cannot move very far from the lighted side of the container before fixation takes place. 
Even when larvae are made to react negatively to light by experimental prolonga- 
tion of the free-swimming period, as described later, this reaction is never so in- 
tense as the positive one. Perhaps this observation explains why McDougall 
(1943) found the highest incidence of settings not in the most dimly illuminated 
part of the light box, but in the adjacent chamber where slightly more light was 
admitted. 

Phototropism vs, geofropisin 

Marcus (1926a) stated that the negative phototropism exhibited by the larvae of 
the phylactolaematous br 3 ’ 02 oans shortly before fixation dominates a coexistent 
negative geotaxis and forces them to seek places of attachment at some distance be- 
neath the surface of the water. 

Since in nature both light and gravity act in approximately the same vertical 
plane, it might seem logical to identify a positive geotaxis with a negative reaction 
to light. The behavior of the larvae of B, neritina at reduced temperatures, how- 
ever, demonstrates that they may become geopositive without showing a simulta- 
neous negative reaction to light. The following experiments were set up to de- 
termine which of the two tropisms is dominant in this species. 

Table III 

No. of trials 12 

Average temperature (mean) 28.1 1.1 (25-29 degrees) 

No. of larvae 332 

Percentage geopositive 28 

Percentage intermediate 14.2 

Percentage geon^tive 57.8 

Average time of exposure in minutes 8.9 <r» ±1.8 (8 to 10 min.) 

If the response of the larvae to light were dominant to their geotaxis under given 
conditions, they ought to swim against a gravity gradient towards or away from 
a source of illumination, depending on their phototropism at the time. Conse- 
quently, on several different days larvae were made geopositive by treatment with 
low temperatures. Vials 16 cm. long and 1.8 cm, in diameter were used,* some of 
them were cooled to 5° C., some to 6°, and others to 8°. They were then placed 
inside the light box, so that rays from a 100-watt bulb could enter only from the 
top. The source of light was 22 cm. from the bottom of the vials, where the larvae 
were swimming. As might be expected from the previous discussion of the in- 
diflFerence towards light exhibited by larvae at reduced temperatures, a positive 
phototropism under these conditions could not be demonstrated. Only 2.1 per cent 
of the larvae in 4 of the vials swam to the top ; in the other three, hone changed their 
positions as the result of the illumination. Six trials were then made with the light- 
box arranged so that rays could enter only from below. The light source was some- 
what nearer the larvae in these cases, being only 6 cm. from the bottom of the vials. 
In all rases only negative results were obtained. The larvae did not swim away 
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from the bottom in a negative response to light. These experiments indicate, then, 
that larvae at low temperatures are either indifferent to light or that their positive 
geotaxis under these conditions is strong enough to counteract any reaction to light. 

Different results were obtained with larvae kept at room temperature. When 
pipetted to vials, they were geonegative at the beginning of the experiment, and the 
vials were then placed in the light-box so that they were illuminated only from be- 
low. Many of the larvae swam downward. Coimting was done immediately after 
the vials were removed and the results of 12 trials are recorded in Table III. Lar- 
vae were always observed to swim upwards, when the vials were removed from the 
source of light, in all the trials except one ; they were never seen swimming in the 
opposite direction. Of the 332 larvae tested only 57.8 per cent remained geonega- 
tive after treatment. In the control vials, however, 91.2 were negatively geotactic. 
If due allowance is made for the probability that some of the larv’ae in the experi- 
mental vials had metamorphosed during treatment and could not respond, the con- 
trast in percentages would indicate that at room temperature a positive phototropism 
is dominant to a negative geotaxis in approximately half the larvae. On the other 
hand, these experiments show that larvae respond positively to light with much 
greater readiness when they can swim along a horizontal plane than when they must 
swim downward against what appears to be a buoyancy gradient. In one of the 
vials illuminated from below all the larvae became geopositive and metamorphosed 
on the bottom, but, since this vial was exposed to alternate periods of intense and 
diffuse light, it seems likely that a positive geotaxis resulted from the prolonged 
activity induced by alternate periods of light. Subsequent experiments demon- 
strated that any condition that prolongs the activity of the larvae eventually in- 
duces a positive geotaxis. 

The effects of light intensity and darkness 

Changing the intensity. A rheostat was used to govern the intensity of a 
100-watt bulb placed 8 cm. above a vial enclosed by the light-box. A ten-minute 
exposure to dim light was followed by a ten-minute exposure to intense light. Al- 
though 15 trials were made, all attempts to bring about a dov^mward migration of 
the larvae by suddenly either increasing or decreasing the intensity of illumination 
gave no results. Apparently tlie larvae of B, neritina are not affected by changes of 
light intensity, as so many plankton organisms are. 

Intense light. Since strong illumination often causes a reaction in many ani- 
mals which is opposite to their behavior in diffuse light, experiments were performed 
by using both artificial illumination and direct sunlight. The artificial illumination 
was at least three times as intense as, that employed in the experiments described 
above or those summarized in Table III. Sixteen-cm. vials of normal sea water 
were placed 3 cm. below and at the side of a 100-watt bulb, and a water jacket was 
used to maintain a constant temperature of 29° C. At the beginning of the experi- 
ment larvae removed to these vials were very active, intensely photopositive and 
were swimming on top. By the end of 30 minutes, however, 41.8 per cent of the 
larvae in the experimental vials had descended to the bottom, whereas only 9.8 
per cent became geopositive in the controls. Apparently a fairly high percentage of 
larvae at room temperature is negatively phototropic to intense light. The data ob- 
.tained with strong sunlight, although comparable, were not clear-cut enough to 
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warrant publication, since temperature may have modified the results somewhat. 
Nevertheless, there is some evidence that strong sunlight causes larvae to move 
downward from the surface to regions of lower light intensity 

Both strong simlight and artificial illumination induce larvae to move along a 
horizontal plane away from the side where the rays enter the medium obliquely. 
Although strongly photopositive at first, by the end of 20 minutes all the larvae 
(in three vials) had moved away from the bulb to the distal side. Those exposed to 
sunlight remained photopositive much longer; but by 1.5 hours all had become 
photonegative in two of the vials and only 5 per cent remained photopositive in the 
third. In the latter, 45 per cent were intermediate and 50 per cent showed a nep- 
tive reaction. Here again there is evidence that light is more effective in causing 
larvae to move along a horizontal plane than up or down, either towards or away 
from a source of illumination. 

The negative reaction of larvae to intense light would seem to be significant. 
Even a casual observation of the distribution of various species of Bugida near the 
water line on piers and docks will show a preponderance of colonies on the north 
side of objects and in shaded places. The evident fact that in nature the niajority 
of larvae are negatively phototropic at the time of attachment may be explained on 
the basis that they swim away from regions receiving the direct rays of the sun 
after a certain amount of exposure to intense light, a behavior that they do not show 
in a laboratory illuminated only by diffuse light. The opinion of Esterly ( 1919) that 
the physiological state of animals is changed, when they are removed from the ocean 
to the laboratory, would seem to be true only if all the conditions prevailing in their 
former surroundings are not exactly duplicated. Since the light-box used by Mc- 
Dougall (1943) was placed only 6 inches below low water mark, the amount of 
absorption of the sun’s rays was probably insignificant ; hence it should be expected 
that the larvae would be photonegative as described. Whether larvae far beneath 
the surface at the time of attachment show a negative phototaxis like those near the 
water-line can only be conjectured. Since absorption would considerably reduce 
the intensity of sunlight received by the lower regions, it might be expected that they 
would be either photopositive or indifferent, like those in the laboratory imder con- 
ditions of diffuse daylight. 

Darkness. Darkness sometimes inhibits the movements of animals and may 
change'their reactions to both light and gravity. The work of Holmes (1905) on 
Ranatra led him to conclude, *‘The causes that produce the negative reaction [to 
light] are, as a rule, those which lead to diminished activity and excitement. Cold, 
exposure to darkness, and the quieting effect of contact stimuli lead to a condition 
of lessened excitability and, perhaps as a result of this, to a negative reaction to 
light” (p. 317). Mast (1911) obtained a reversal of phototropism in the larvae 
of Arenicola by subjecting them to a variety of agents, such as diluted and concen- 
trated sea water, magnesium chloride, atropin, sodium hydrate and ammonia. He 
believed that depressants merely hasten the onset of that distinct physiological 
state, usually accompanied by a negative reaction to light, which larvae normally 
attain as they grow older. Esterly (1919) found surface speamens of Acarlia 
to be n^atively geotropic in diffuse light but positive in darkness at the same 
temperature, although deep sea specimens (at room temperature) showed no 
change in geotaxis. Marcus (1926a) found that the larvae of Plumatella fungosa 
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are negatively geotactic in nature, both in darkness and in light, throughout the 
entire natator}’ period. 

In a series of experiments, larvae of B. neritlna were placed in stender dishes 
at room temperature and removed to a darkroom for a period of half an hour. 
When the containers were again returned to diffuse daylight, the larvae showed no 
change in their reaction to light. Neither was there any change in geotaxis. 
Similarly, larv^ae kept at reduced temperatures showed no change of tropisms, 
when they were returned to diffuse daylight after a 30-minute period in the dark- 
room. 

On the other hand, there is some evidence that darkness reduces the acti\dty 
of the larvae and decreases the length of the free-swimming period. Three experi- 
ments were performed by subjecting larvae to conditions that, in diffuse da3dight. 
ordinarity prolong the natatory period well beyond 2 hours. Two \dals, containing 
sea water diluted to a density of 1.010 grams/cc., were placed in' the darkroom. 
WTien the first vial was inspected at the end of an hour, all the laiv^’ae were found 
to be active ; but at the end of 2 hours only 28 per cent were active, whereas 55.8 
per cent were still swimming in the controls. (For the effects of diluted sea water 
see Table V.) In the second vial none were active at the end of 2.5 hours, al- 
though 27.5 per cent of those in the controls were still motile at the end of 4 hours. 
The third vial contained normal sea water which was kept at a temperature reduced 
sufficiently to cause prolonged activity in diffuse daylight. None of the lan^ae in 
this vial were active at the end of an hour. Although more experiments are 
needed, the results indicate that darkness probably reduces the length of the natant 
period in this species. 

The effects of salinity on the duration of the free-swimming period and the re- 
sponses of the larvae to light and gravity 

Since Bugula grew profusely near the laborator}" at the mouth of the Newport 
River, it was surprising that adult colonies could not be detected near the water line 
on pilings and docks only three-quarters of a mile up-stream. The few that were 
found were growing near the bottom of objects that could be raised to the surface. 
A sample of the water in this region, taken about an hour after the tide had turned 
and sea water had begun running up-stream, was found to have a specific gravity 
of 0.0116 (28° C.), vrhereas the lowest of 25 tests made on water near the labora- 
tory gave a reading of 1.0164.- It seemed likely that this difference in density, 
although small, would not represent the maximum, since at low tide the amount of 
fresh water would undoubtedly be greater and the density w’ould be correspondingly 
lower. 

That the salt content of the water might affect the geotropic responses of the 
larvae and determine their ultimate place of attachment seemed to be the only 
explanation for the observed distribution. Furthermore, on several occasions dur- 
ing the summer of 1944 the writer had noticed that larvae seemed to metamorphose 
in an abnormally short time when concentrated sea water was added to a well-slide. 
Consequently, a series of experiments were performed by using various concentra- 
tions of sea water below and above the normal range. Since 16 out of 25 samples 
of sea water in the region of the laborator}^ showed a specific gravity of 1.0200- 

® In order to avoid unwieldly decimals in Table V, temperature corrections were not made. 
The maximum deviations due to temperature fluctuations would not exceed 0.00076 gr./cc. 
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1.0226, this may be considered approximately the normal range during the time 
the experiments were performed. These samples were taken on different days at 
both high and low tide during a three-week period. The highest reading was 
1.0226 and the lowest was 1.0154; seven readings showed a prevailing density of 
1.0164-1.0173 gr./cc. during a period of especially heavy rainfall in the third week 
of August. Outsell (1930), however, found a higher average density during the 

Pei*cen- 



SOiOa 50:10 50:3Q 50:30 50:40 50:50 

Graph I. Dilutions of sea water (50 cc.) with distilled water 
Lines 1 and 3 (solid) show the percentages of geopositive larvae at the end of 1.5 hrs. 
Line 2 (solid) shows the number geopositive at 5.5 hrs. Dotted line (3) shows the number 
active at the end of 1.5 hrs. in vials used for solid line 3. 

years his readings were taken (1924-28), even if temperature corrections are made 
for those listed above; at that time the salinity in this region approximated 30 
parts per mille, but occasionally ran as high as 38 or as low as 6 parts per mille 
(20° C). 

Graph I shows the results of 11 experiments carried out by diluting 50 cc. of 
sea water with 10 to 50 parts of distilled water. The temperatures were read at 
the time the densities were taken, and the observations were carried out on the 
same day between 11 a.m. and 4:30 p.m. (E.S.T.). The following table shows the 
densities in gr./cc. of the various dilutions used. (The writer found that the 
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density of a sample of sea water rose approximately 0.00017 gr./cc. for each degree 
(C.) drop in temperature.) It will be noted that dilutions of 50:10 and 50:20 
had but little effect on the number of larvae that became geopositive. The number 
of geopositive larvae began to increase at dilutions greater than 50 : 20 and grew 
progressively larger as the salinity decreased. A decrease in salinity likewise in- 
creased the average length of the natatory period. Since the water three-quarters 
of a mile upstream had a density of 1.0116 gr./cc., a dilution slightly greater than 
50:30, its low salt content may explain the location of Biigula colonies near the 
bottom of the stream. 


Table IV 


Dilution 

Temperature 

Gr./cc. 

50:50 

29.0 

1.0101 

50:40 

29.5 

1.0108 

50:30 

29.9 

1.0119 

50:20 

30.0 

1.0149 

50:10 

30.0 

1.0169 

50:00 

29.7 



Since random samples of the laboratory supply of sea water, taken from the 
mouth of the Newport River, showed fluctuations caused not only by high and low 
tide but also by the amount of rainfall, more extensive data were obtained by using 
sea water diluted or concentrated to a definite specific gravity as determined by 
means of a very sensitive hydrometer. Care was taken to fill the vials to the same 
level (about S.S cm.) and to add approximately the same amount of water, when 
larvae were pipetted from the finger-bowls. The addition of such small amounts 
of water to the vials did not seriously increase the densities in the lower ranges, 
where experimental results were most pronounced. The introduction of non- 
motile larvae, which cannot respond to treatment, was avoided by first transferring 
larvae from the finger-bowls to a stender dish of fresh sea water before introducing 
them into the vials. Since the active ones invariably swam to the lighted side of 
the dish within a minute or two, large numbers could be transferred without dif- 
ficulty. Because quiescent larvae sometimes become active after a few minutes 
of observation, counts had to be made 3 or 4 times for each vial. The difficulty 
of determining the number of larvae that were active at a given time necessitated 
the use of only small populations for each vial ; the ideal number was found to be 
about 20 to 30. For these experiments 2,358 larvae were counted during a 5-week 
period. The results are summarized in Table V. 

Larvae kept in water having a specific gravity of 1.010 to 1.012 were extremely 
active for an abnormally long time, definitely photopositive during the time of 
greatest activity and geonegative during the early stages of the natatory period. 
The majority, however, descended to the bottom towards the end of the free-swim- 
ming period. These larvae were visibly smaller than those that had a shorter 
period of activity and measured only 0.14 mm. in diameter as contrasted with the 
average size, 0.20-0.22 X 0.27-0.30 mm. Since this decrease in volume was found 
to be correlated with a prolongation of the free-swimming period, it seems likely 
that the activity of the larvae resulted in a conversion of stored food material into 
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waste products of metabolism that passed out into the surrounding medium. It is 
not improbable that the lipoid granules observed by Barrois (1877) and others 
constitute a reserve food supply for those forms of bryozoan larvae without an 
alimentary tract. Furthermore, these larvae had extruded an orange colored 
pigment that gave a characteristic color to the water in the bottom of the vials. 

Table V 
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In sea water more concentrated than 1.022 gr./cc. the percentage of larv^ae that 
descended to the bottom increased with the density. In these cases, however, a 
geopositive reaction was not preceded by a prolonged period of activity. At densi- 
ties of 1.025 and 1.026 gr./cc. only 10.5 per cent were active at the end of half an 
hour, whereas 22.5 per cent were active in concentrations between 1.016 and 1.024 
gr./cc. and 100 per cent were active at a density of 1.010 gr. cc. At a density of 
1.026 gr./cc. only a few larvae were active after 10 minutes; they sank passively 
to the bottom almost as soon as they were introduced into the vials, and generally 
only feeble movements could be detected afterwards. Evidently the factors that 
caused these larvae to descend to the bottom were quite different from those that 
brought about a similar positive geotaxis in sea water of low salt concentration. 
In the latter, the larvae swam slowly to the bottom after they had been active a 
very long time. When the effects of concentrated sea water were observed under 
the microscope, it was found that lan^ae metamorphosed in a remarkably short 
time in almost epidemic proportions. It seems unlikely that the organisms were 
effected by any change in the pH produced by diluting or concentrating the medium, 
for subsequent tests showed that a dilution to 1.010 gr./cc. caused the pH to drop 
only 0.08 and a concentration to 1.026 increased the pH only 0.52 ±: 0.1. 

The development of larvae at various salinities 

Vials containing larvae that had already formed zooids were inspected at the 
end of 24 hours. Those in more concentrated sea water were slightly larger than 
normal. All of them had their tentacles everted and snapping actively at this time. 
These zooids were attached securely to the substrate. 

" Those in vials containing sea water at specific gravities of 1.016 and 1.017 were 
normal in every respect at 29 hours, except that they did not withdraw* their ten- 
tacles as a reaction to mechanical jarring, as they normally do in higher salt con- 
centrations. Those that developed at a density of 1.015 gr./cc. had their tentacles 
everted, but these were protruding at an angle of 90° to the normal position. Ap- 
parently these organisms were entirely incapable of withdrawing them, for mechani- 
cal jarring had no effect during the 30 minutes they were under observation. 

In vials containing sea water at densities below 1.015 gr./cc. development wras 
poor. There was a marked reduction in size, and none had their tentacles everted 
(29 hours). Nevertheless, even those that metamorphosed in water having a den- 
sity of 1.010 gr./cc. had normally formed internal organs that moved spasmodically 
at times, and most of them had a bud for the formation of a second zooid. Again 
it seems likely that the poor development of these zooids can be attributed to an in- 
sufficiency of stored food at the time of metamorphosis, caused by their prolonged 
activity. Apparently some of the larvae in water at a density of 1.010 had failed to 
metamorphose ; and many of them did not adhere to the bottoms of the vials, for 
they could be easily dislodged by a stream of water. 

Salinity vs, osmotic pressure 

In order to determine whether the observed effects were due to the salt content 
or to the osmotic pressure, sea water was diluted to a density of 1.010 gr./cc. and 
sucrose was added until the specific gravity reached 1.026. Since larvae in sea wa- 
ter at a density of 1.010 gr./cc. remained active for an unusually long time, it was 
considered logical to conclude that osmotic pressure would not be a factor, if the 
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lar\'ae showed the same behavior after the pressure had been raised by sucrose. On 
the other hand, if an abbreviation of the natatory period took place, it could be con- 
cluded that this effect was caused by an increase in osmotic pressure. ^ 

Since subsequent tests showed that similar sucrose solutions had a freezing point 
depression equal to that of sea water at a density of 1.014 (see Table VI), vials con- 

Table VI 


Density in gr./cc. of 
origlt^ sea water 

Substance added 

Final density gr./cc. 

Freezing point 
depression 

pH 

i.oio 

NaCl 

1.017 

1.74 

7.6 ±.10 

1.010 

CaCla 

1.017 

1.36±.02 

7.07 ±.07 

1.010 

KCl 

1.017 

1.67d=.ll 

7.61 ±.05 

1.010 

MgC.j 

1.017 


7.58±.14 

1.020 

CaCla 

1.026 

2.20 

7.8S 

1.010 

Sucrose 

1.026 

1.25±.02 

7.2 ±.20 

1.010 

Sucrose 

1.017 

— 

6.7 

1.010 

Glucose 

1.026 

1.41 

6.2 

Distilled 

NaCl 

1.026 

— 

6.3 

1.017 

None 

1.017 

1.51=h.07 

7.67±.02 

1.024 

None 

1.024 

2.06=h.03 

8.25 

1.026 

None 

1.026 

2.21=b.07 

8.2S±.0S 

1.010 

None 

1.010 

.96 

7.60 


=b indicate repeated experiments. 


Osmotic pressures of sea water at various concentrations. Temperature* 27.5-29.0® C. 


specific gravity 

Freezing point depression 

Pressure in atmospheres 

1.010 

0.96 

11.56 

1.011 

1.09 

13.12 

1.012 

1.11 

13.36 

1.013 

1.17 

14.08 

1.014 

1.26 

15.16 

1.015 

1.36±.03 

15.36±.36 

1.016 

1.46±.07 

17.56±.84 

1.017 

1.51 ±.07 

18.16±.84 

1.018 

1.62±,01 

19.48±.12 

1.019 

1.62 ±.01 

19.48±.12 

1.020 

1.67±.05 

20.08±.60 

1.021 

1.87 

22.48 

1.022 

1.87 

22.48 

1.023 

1.95 

23.44 

1.024 

2.06±.03 

24.75±.35 

1.025 

2.10±.02 

25.23±.25 

1.026 

1 

2.21 ±.07 

1 

26.55±.96 


d= indicate repeated experiments. 

taining water at this density may be considered controls. In the sucrose solutions 
45.3 per cent of the larvae were active at the end of 4 hours and 94 per cent had be- 
come geopositive ; in the controls only 6.9 per cent were active and 13 per cent had 
descended to the bottom. It seems apparent that an increase in osmotic pressure by 
a non-electrolyte does not have the same effect as the addition of ions normally pres- 
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ent in sea water. These results are in agreement with the observations of Loeb 
(1900), for he found that marine organisms are easily affected by a disturbance in 
ionic balance, but are practical^ independent of osmotic pressure. 

Larvae placed in a similar solution of glucose and sea wsttv behaved quite dif- 
ferently, for they immediately sank to the bottom and remained immobile. When 
the pH values were obtained for similar solutions made with the same glucose, it 
was found that they were somewhat acid when freshly made (5. 8-6.2) ; by the end 
of 24 hours the pH had fallen to 4.5, and by 48 hours had reached 3.4. Since the 
solutions used at Beaufort were made the day before the experiments were per- 
formed, presumably the anomalous behavior of the larvae can be attributed to an 
originally high degree of acidity, which was further enhanced by bacterial action. 
The sucrose solutions, however, showed no great acidity, for they dropped to only 
6.5 at the end of 24 hours. The effect of pH on the behavior of other species of 
larvae investigated recently at Woods Hole will be described in another paper. 

The effects of various ions on the length of the free-swimining period and the meta-- 

morphosis of the larvae 

Since the experiments just described gave presumptive evidence that variations 
in salt content played a far more important role than an accompanying increase or 
decrease in osmotic pressure, the following observations were made to determine the 
specific effects of the four ions most abundant in sea water by using the chlorides of 
the metals. For comparing the effects of normal sea water with sea water having a 
high concentration of only one of the ions, a “fundamental solution*" was made by 
diluting sea water to a specific gravity of 1.010. Since this concentration contains 
ions in the same proportion as normal sea water and is capable of supporting pro- 
longed larval life, it may be presumed that any modification of the behavior of larvae 
can be attributed to the ions that were added. The osmotic pressures and pH val- 
ues of similar solutions are given in Table VI.® 

Effects of sodium chloride. Larvae placed in pure solutions, made by adding 
sodium chloride to distilled water until a specific gravity of 1.026 was obtained, sank 
to the bottom immediately, became immobile and turned completely white within 
three minutes, so that they could be seen easily only against a black background. 
When viewed under the microscope, the larvae were obser\’ed to imdergo meta- 
morphosis very rapidly. Their white appearance was due largely to the enormous 
amount of milky white holdfast material ejected and to an inward migration of 
pigment granules from the surface of the larvae. After the initial stage of meta- 
morphosis had begun, the succeeding stages occurred somewhat more slowly than in 
normal sea water. Most of the larvae were shrunken and appeared to be about two- 
thirds normal volume. At the end of 3 hours they looked like irr^ular pieces of white 
jelly ; their edges were ragged and protoplasmic threads protruded from their sur- 
faces. Those on the bottom of the vials were not anchored securely and could be 
easily disloged by directing water from a pipette against them ; and, after being dis- 
lodged, they floated to the top. Evidently metamorphosis had decreased their den- 
sity. Similar results were obtained with solutions made by adding enough sodium 
chloride to distilled water to raise the specific gravity to only 1.010, but in this case 

« Densities were measured in connection with ion effects because equipment was easily 
available for such measurements and these effects were to be compared with other results in 
which density measurements had been used. 
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the larvae did not take on a characteristic white appearance until 30 minutes had 
elapsed. Metamorphosis, therefore, did not occur so rapidly. 

Finally a “fundament^ solution” was made and raised to a specific gravity of 
1.017 by sodium chloride. When first admitted to the vials, the larvae sank to the 
bottom immediately; but after a few minutes almost all had ascended to the top 
and were swimming actively. At the end of an hour 16 per cent were still active 
and 72 per cent had descended to the bottom and remained there, whereas in normal 
sea water of the same osmotic pressure only 5 per cent were active and 3 per cent 
were geopositive. The first reaction of larvae placed in a new environment seems to 
be what Marcus (1926a) called a "'schreckreaktion” ; they sink down passively and 
remain motionless for a few minutes. This reaction, when observed under the mi- 
croscope, w-as found to be preceded by a violent constriction of the organisms in the 
region of the equator. Similar behavior was reported for the nauplii of Balanus 
amphitrife by Edmondson and Ingram (1939). 

Effects of potassium chloride. The first solution was made h 3 q)ertonic to the 
medium from which the larvae were taken by adding potassium chloride to normal 
sea water (density, 1.020 gr./cc.) until a specific gravity of 1.026 was obtained. The 
second was made isosmotic to sea water having a density of 1.020 by adding the 
chloride to a “fundamental solution.” In both solutions the larvae sank immediately 
to the bottom and became milky white as they left a trail of black pigment granules 
behind them. After reaching the bottom, a few remained slightly active for about 
10 minutes. They were somewhat more active in the second solution of lesser 
density, moving slowly and aimlessly on the bottom, although the cilia were beat- 
ing in an almost normal manner. Perhaps the effective stroke was* reduced enough 
to prevent active movement. After an hour their appearance was similar to those 
in the pure solutions of sodium chloride, except that metamorphosis did not occur. 
Potassium chloride had a similar effect in causing the loss of pigment from already 
metamorphosed larvae that were floating on the surface of finger-bowls, but in this 
case the pigment streamed out below the larvae and sank to the bottom ; the larvae 
themselves remained on the surface. Lillie (1909) observed a similar loss of pig- 
ment in Arenicola larvae placed in potassium solutions (cf., also, Chambers and 
Reznikoff, 1926). 

Effects of calcium. Larvae placed in distilled water raised to a specific gravity 
of 1.010 by calcium chloride went to the bottom and ceased movement abruptly. At 
the end of an hour, they looked orange-brown and flattened like oblate spheroids, 
caused by a shortening of the oral-apical axis; they closely resembled larvae that 
had a prolonged natatory period in sea water reduced to a density of 1.010 gr./cc., 
except that those in the calcium chloride solution were larger than normal, meas- 
urir^ 029-0.30 X 0.30-0.34 mm. When other larvae were placed in a solution 
made hypertonic to the medium from which they were taken (sea water at a specific 
gravity of 1.020) by the addition of calcium chloride until a density of 1.026 gr./cc. 
was reached, they likewise sank to the bottom but remained slightly active for 2 
hours. The cilia and vibratile flagella continued to beat rapidly, even though the 
larvae themselves did not move. Although the holdfasts had been ejected in many 
of them, normal attachment did not take place and the larvae continued to move aim- 
lessly around with their holdfasts trailing behind them. They were badly frag- 
mented and considerably reduced in size, measuring only 0.18-0.19 mm. along their 
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longer diameter. Finally, calcium was added to the “fundamental solution” to 
bring the specific gravity up to 1.017. Larvae in this solution showed a marked 
prolongation of the free-swimming period. In one vial 20 per cent were still active 
after 8 hours, In another, 2 larvae w'ere still active after 12 hours, a strikingly 
long time in comparison with the normal period of 30-60 minutes. These larv’-ae, 
in contrast to those in isosmotic sea water (specific gravity, 1.015), behaved quite 
difiFerently from the latter. Not only did they have a decidedly longer natatory 
stage, but all, without exception, became geopositive at the end of the free-swim- 
ming period ; only 8 per cent of those in isosmotic sea w'ater became similarly geo- 
positive. These larvae in the calcium chloride solutions behaved like those in 
normal sea water diluted to a density of 1.010 gr./cc. Like the latter, they re- 
mained geonegative, swimming just under the surface, during the greater part of 
their larval period, before they descended to the bottom. There was one significant 
difference, however, for they remained active much longer than those in diluted 
sea water. Furthermore, they did not attach rigidly like the latter. 

Magnesium chloride. Sea water diluted to a density of 1.010 gr./cc. was 
raised to a specific gravity of 1.017 by ms^esium chloride, so as to approximate the 
osmotic pressure of normal sea water. Larvae in this solution showed an initial 
shock reaction and sank to the bottom. They recovered rapidly, however, swam 
to the top and continued to swim feebly at the surface for half an hour. They 
showed a pronounced tendency to coalesce in groups. Lillie ( 1909) , who observed 
a similar coalescence of the larvae of Arenicola in high concentrations of magnesium 
chloride, attributed this behavior to a loss of muscular contractility without an ac- 
compan 3 ring decrease in ciliary movement. By half an hour, active swimming move- 
ments had ceased. Whenever larvae at the surface became quiescent, jarring the 
vials caused them to become active again. Each time this was repeated, several 
larvae swam downward, after a brief period of swimming at the top, and remained 
on the bottom. By the end of 40 minutes, all the larvae had descended to the bot- 
toms of the vials. Although they were not swimming, these larvae lying inert on 
the bottom had failed to attach and metamorphose. Five hours and 45 minutes 
after they were placed in these solutions, pipettes-full of larvae were removed and 
added to normal sea water ; the majority b^an to swim actively again. 

Mechanical agitation 

Although the vertical distribution observed by McDougall (1943) could not be 
attributed to modifications of any of the factors thus far investigated, since they had 
to be more extreme than any prevailing in nature, nevertheless one correlation be- 
came increasii^ly evident. Prolonged activity of the larvae was always associated 
with a positive geotaxis. This was true, whether induced by a reduction of tem- 
perature or salinity or by an excess of caldum over the other ions present in sea 
water. Furthermore, mechanical jarring, by activating the larvae in solutions of 
magnesium chloride, had caused them to descend to the bottom. Agitation by waves 
and wind seemed to be the stimulus provided by nature for bringing about a positive 
geotaxis. Moreover, experiments on other animals have shown a correlation be- 
tween mechanical agitation and a chaise in physiological state. Rogick (1939), 
for instance, found that excessive handling of the larvae of fresh-water bryozoans 
abnormally prolonged and interfered with metamorphosis. Similarly, contact 
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stimuli frequently change the phototropism of organisms, as evidenced by the ex- 
periments of Holmes (1905) on Ranatra, Parker (1902) on Lahidocera and Towle 
(1920) on Cypridopsis. The writer likewise observed that the larvae of B, neri- 
tina became negatively phototropic for about a minute after they were ejected from 
a pipette. 

To determine the effect of mechanical agitation on larval behavior, an air jet 
from a pipette was directed against the surface of the water whenever larvae showed 
a tendency to become quiescent. This caused them to swim actively again. In 
brief, 19 per cent w'ere active and 62.5 per cent were geopositive in the experimental 
vial at the end of 4 hours, whereas only 11 per cent were active and 11 per cent were 
geopositive in the control. In view of the correlation that exists between mechani- 
cal agitation and swimming movements on the one hand and between prolonged ac- 
tivity and a positive geotaxis on the other, it seems likely that further experiments 
would yield similar or even better results. Since the writer never observed that 
larvae were liberated in darkness under laboratory conditions, it is difficult to ex- 
plain the observation that in nature they attach as readily at night as in the da)rtime 
(Edmondson and Ingram, 1939; Edmondson, 1944), unless it is assumed that these 
organisms, liberated by light, remain active through mechanical agitation during the 
day and part of the night. Certain experiments performed by the writer indicate 
that light, as well as mechanical agitation, may serve as a stimulus to movement. 

Discussion 

The nature of geotaxis in B, neritina 

Mechanical agitation is one of the factors existing in nature that is not generally 
duplicated under laboratory conditions, even though all the other factors belonging 
to the habitat of an organism seem to be present. The abnormally tranquil surfaces 
prevailing in the laboratory are not at all comparable to those encountered by 
larvae when they reach the surface of the ocean and are constantly buffeted about 
by waves and wind. Presumably larvae in their natural surroundings have a 
somewhat' longer free-swimming period than those under laboratory conditions. 
The action of waves and wind prevents them from attaining that degree of quies- 
cence which is a natural prerequisite for metamorphosis. Thus they remain active; 
and, as a result of prolonged activity, they descend to regions where a greater 
degree of calmness prevails. Crevices in rocks and pilings undoubtedly afford a 
certain amount of protection against the buffeting action of waves ; hence a natural 
explanation may be given for the preponderance of young zooids that can be 
observed in grooves and in holes bored into test panels, after they have been sub- 
merged for a few days. At the present time there cannot be given a completely 
empirical explanation that will clearly demonstrate the modus operandi of the 
various factors that bring about a positive geotaxis under natural conditions. 

Geotaxis in marine larvae cannot be assigned to the same category of responses 
as the other tropisms. Phototropism, for instance, whether it be positive or nega- 
tive, is an active kind of response. On the other hand, what we call a positive or 
negative geotaxis can be resolved into other mechanisms. A negative geotaxis can 
be attributed to ciliary action, to buoyancy or to a more abundant supply of oxygen 
near the surface. It has sometimes been identified with a positive phototropism. 
Many aquatic larvae, such as those of Arenicola (Lillie, 1901) or of the phylacto- 
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laematous Bryozoa (IMarcus, 1926c), are specifically denser than the surrounding 
medium. They can keep afloat only by ciliar}’' movement, and when the cilia are 
injured they sink to the bottom. Others, apparently, are lighter than the sur- 
rounding medium and are buoyed up passively by Archimedes* Principle. Hora 
(1930) stated that some organisms can decrease their specific gravity by a reduc- 
tion of the abdominal cavity; others, such as the larvae of Megalophrys, have 
hydrostatic organs. Thus their rising or sinking depends upon their densit>\ 
Similarly, Visscher (1928) observ-ed that the cyprid larvae of Balamis eburneiis 
have a fatty substance in the anterior of their bodies that acts like a buoy in 
holding them near the surface; this lipoid material gradually disappears towards 
the end of the pelagic period. McDougall (1943) found that the setting of these 
larvae occurred in greatest abundance at a point some 5 or 6 feet below the surface. 
In another species, Chthamalns fragilis, however, he found that the lipoid droplets 
do not disappear tovrards the end of the free-swimming period; the highest inci- 
dence of settings of this species was very near the surface, and no attached larvae 
were found more than 6 inches below mean low water. Evidently buoyancy, or 
the lack of it, can determine the vertical distribution of certain organisms. In the 
cyprid larvae just described phototropism is not a factor in determining the ulti- 
mate place of fixation, for Visscher (1928) found that both species are photo- 
negative just before attachment. A positive geotaxis should not be confused with 
a negative phototropism, as has been done sometimes in the case of bryozoan 
larvae. Sometimes, at least, the two tropisms are dependent upon entirely dif- 
ferent mechanisms. 

There are several possible explanations for differences in the behavior of the 
larvae of B. nerifina in warm and cold water. It might be assumed that, since 
oxygen would be more abundant near the surface, the larvae would collect there 
when the temperature is high, because they are unable to obtain sufficient oxygen 
to support their increased metabolic activity, if they venture far from the surface 
film. The possibility that a negative geotaxis may be simply a positive response 
to oxygen in the case of free-swumming lar\ae has been suggested by Marcus 
(192&) as a plausible explanation for the pelagic habits of certain marine Bryozoa. 
In his experiments on fresh-water Bty-ozoa (1926c), however, he could not obtain 
conclusive evidence that the larvae move in the direction of an increasing oxygen 
gradient. The writer, also, found no confirmation of such a theory. When a vial 
of sea water was inverted over a petri dish with the bottom supported on tw’o slides 
so that oxygen could enter only from below, the larvae showed not the slightest 
tendency to move downward. Neither did they surround an air bubble that was 
on the side of the vial opposite the source of illumination. Furthermore, it would 
be difficult to explain a positive response to gravity, when the temperature is low- 
ered, on the assumption that the negative geotaxis exhibited in warm water is 
merely a positive response to oxygen. Even though the oxygen content of water 
at reduced temperatures might be sufficient to maintain the iovrered metabolic re- 
quirements of larvae at various depths beneath the surface, their movement in a 
direction of a slightly decreasing oxygen gradient would require explanation. 

At first sight, it would seem logical to attribute the rising or sinking of the 
larvae to ciliary action alone, if it is assumed that these organisms are denser than 
the surrounding medium. Their descent in hypotonic solutions only after pro- 
longed swimming might be attributable to ciliary fatigue. Since a reduction in 
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temperature decreases ciliary movement in the gills of Mytiliis (Gray, 1923) and 
since hypertonic solutions (Gray, 1922), sea water having a pH below 5.5-6.0 
(Gray, 1920) and solutions of sodium and potassium (Gray, 1920) have an even 
more deleterious effect, the sinking of the larvae of B. neritina under almost 
identical conditions might seem to be due solely to attenuation of ciliary action. 
The prolonged negative geotaxis of these organisms in solutions containing calcium 
concentrated to a certain optimum would seem to be correlated with the favorable 
effects of this ion on ciliary action, as described by Lillie (1901) for Arenicola. 
On the other hand, it might be expected that ciliary action would be maintained 
better in solutions containing an excess of potassium ions than in a similar sodium 
solution of approximately the same pH and osmotic pressure, for the latter has a 
more pronounced inhibitory effect on the cilia of Mytiliis (Gray, 1920) or of 
veliger (Mayer, 1911) or Arenicola (Lillie, 1901) larvae. 

The larvae of B, 7ieritina, although they swim sluggishly in a horizontal plane 
just beneath the surface film in warm water, give no indication that they remain 
there only by active swimming. In fact, both dead and metamorphosed larvae were 
always found floating at the surface, and obviously ciliary action cannot account 
for this. They seem rather to be buoyed up by the medium. If this is true, they 
would differ from the phylactolaematous Bryozoa, which maintain themselves at 
the surface only by active swimming and sink downwards when injured by heat 
or by other unfavorable conditions (Marcus, 1926c). Again, larvae swam without 
exception towards the side of a vessel nearer the source of diffuse daylight, whereas 
only 42,2 per cent swam downward when they were illuminated only from below. 
This difference in behavior would seem to indicate that ciliary action is much more 
effective in moving them along a horizontal plane than vertically downwards 
against what appears to be a buoyancy gradient. Presumably the orientation of 
their long axes determines their direction of motion. It cannot be assumed, how- 
ever, that larvae at room temperature do not swim beneath the surface because 
their apical ends are directed upwards in orientation to light entering obliquely 
from above, for they remain on the surface in darkness. If the larvae are heavier 
than the medium, it should be easier for them to swim downward, for the pull of 
gravity would be added to their ciliary action ; consequently, it would be logical to 
expect that large numbers of larvae kept in darkness and unoriented to light would 
swim downward and that this response would be universal in the case of larvae 
illuminated only from below. 

A reduction of ciliary action alone does not seem to be an adequate explanation 
for a positive geotaxis in these larvae ; it seems necessary to posit a simultaneous 
increase in density. Since larvae invariably became geopositive after they had been 
active for an abnormally long time, it seems probable that their descent to the bottom 
can be attributed to a hydrostatic principle. The vitelline mass within these or- 
ganisms may decrease gradually in volume as they grow older and swim longer ; and 
since it is composed largely of fatty globules of low specific gravity, depletion of 
lipoids and shrinkage of the larvae would decrease their volume and increase their 
. density, thus causing theto to descend at the end of the pelagic stage. This view 
is confirmed by the observation that larvae smaller than average descended to the 
bottom, whether this condition was attributable merely to nom^ variations in size 
or to a visible reduction in volume resulting from an experimentally induced pro- 
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longation of activity. After prolonged swimming at the surface, larv’^ae were no- 
ticeably smaller when they descended to the bottom in solutions of glucose, calcium 
and hypotonic sea water. In the latter solution it seems probable that they would 
have swollen somewhat in the beginning and would, therefore, have displaced a 
greater volume of the medium. They would thus be buoyed up until their volume 
decreased again through a conversion of food into waste products of metabolism. 
Since larvae sank passively in hypertonic sea water, they probably lost fluid to the 
medium, and their subsequent reduction in volume may have made them denser than 
the solution. Their rapid descent, however, apparently cannot be explained on the 
principle of osmosis alone. Probably both injury to the cilia and a violent muscular 
contraction were involved. An initial shock reaction -was actually obser\^ed under 
the microscope in larvae exposed to an excess of certain ions ; they underwent a vio- 
lent constriction in the equatorial region, which may have decreased their volume 
without altering their weight appreciably. 

Since du Bois-Re 3 miond (1914) has shown that the same temperature incre- 
ment will cause a piece of tissue to expand three times as much as a similar volume 
of water, it seems likely that larvae may sink to the bottom in cold water in a com- 
paratively short time (15-20 min.) because of an increase in density brought about 
by shrinkage. Similarly the failure of larv^ae to descend in warm water might be 
attributed to a swelling of the vitelline mass, which would cause them to displace a 
greater volume of water; buoyancy would thus hold them just beneath the surface 
film. Their reaction recalls the behavior of orthotoluidine drops that float on the 
surface of warm water, but sink to the bottom when the temperature is reduced ; 
like the larvae, these drops, having approximately the same density as water, will 
rise again when the medium is warmed only a few d^rees. What seems to be a 
downward spiralling movement of the larvae may be merely a succession of circular 
paths at descending horizontal levels. 

Factors influencing metamorphosis 

Only conjectures may be offered at this time regarding the effects of various 
solutions on the onset of metamorphosis. At first, the writer 'was inclined to assume 
that sodium itself is a specific agent that brings about metamorphois. The rapid 
setting of larvae in sodium solutions would suggest this hypothesis. Furthermore, 
sodium would presumably favor the -violent muscular contraction necessary for the 
ejection of the holdfast. The fact that both calcium and magnesium either pre- 
vented metamorphosis or delayed it far beyond the normal time of onset might be 
interpreted on the basis that these ions decreased the permeability of the larval tis- 
sues, so that sodium could enter only with difficulty. Concomitance of events, how- 
ever, suggests but does not prove a causal relationship. In view of the fact that 
there seem to be many substances capable of inducing metamorphosis in ascidians 
(Berrill, 1930; Zinkin, 1938), it would not be illogical to predict that the same may 
be true of bryozoan larvae. If metamorphosis is essentially a process of dediffer- 
entiation, 'as Huxley (1922) has suggested, it is quite possible that any inhibiting 
agent can brir^ it about. Copper is capable of inducing metamorphosis in the 
oyster (Prytherch, 1934) and has a similar role in ascidian larvae (Grave, 1941; 
Berthold and Mast, 1944)* Miller (1946) reported that copper has some effect in 
hastening the onset of metamorphosis in bryozoan larvae, but he did not discuss the 
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experiments that led him to this conclusion. Consequently, it may be that sodium 
has no specific effect on the larvae of B. neritina; it may have either a direct effect 
by inhibition, and in this respect it would not be unique, or an indirect action by in- 
creasing the permeability of larval tissues to ions, such as copper, that have an oligo- 
dynamic action. (The effects of ions, especially sodium and copper, on two species 
from Woods Hole will be discussed more fully in a future paper.) 

Caswell Grave (1936) postulated the existence of a by-product of metabolism 
in ascidian larvae, which is produced in greater quantity by energetic swimming 
movements. This later product, he says, unites with a ''susceptibility factor” formed 
by the secretion of some larval tissue or organ in the production of a third substance, 
which apparently acts directly on the larval nerve centers to cause the progressive 
series of responses that constitute the process of metamorphosis. In B, neritina, 
however, it seems unlikely that the accumulation of metabolic waste products has 
any influence in hastening metamorphosis. A posteriori, it would be more logical 
to attribute the prolonged activity of larvae under certain conditions to factors that 
delay the accumulation or concentration of some substance that effects the onset of 
metamorphosis. 

The writer wishes to express his gratitude to Prof. H. W. Stunkard, New York 
University, for the criticism, encouragement and inspiration he has given ; to Prof. 
A. S. Pearse, Duke University, who kindly identified the species described in this 
paper. Dr. H. F. Prytherch, Director of the U. S. Bureau of Fisheries, Beaufort^ 
North Carolina, enabled the writer to use the laboratories during the summers of 
1944 and 1945 and oflEered many interesting observations on fouling. The writer 
is also indebted to Dr. Frederick McCutcheon, North Carolina State College, for 
many valuable suggestions regarding experimental technique ; to Dr. Daniel Ludwig, 
New York University, for helpful criticism in preparing the manuscript; to Dr. 
M. D. Rogick, New Rochelle Collie, for literature on the Bryozoa and for reading 
the -manuscript ; and to Miss Marie Bentivoglio for lending her talent to the execu- 
tion of some of the figures and tables that appear in this paper. 

Summary 

1. The distribution, external morphology, swimming movements and meta- 
morphosis of the larvae of B, neritina are discussed. During metamorphosis the 
eye-spots of the larva function in orientation to light. 

2. At room temperature (26-30® C.) the larvae under laboratory conditions are 
geonegative and photopositive during the larval period. Just before metamorphosis 
they lose their intense positive reaction to light and become more or less indifferent 

3. A reduction of temperature causes larvae to become geopositive and simultane- 
ously prolongs their free-swimming period. When either ascending or descending 
gradients of temperature are employed, the greater number of larvae change their 
responses to gravity between 20 and 23.5® C. 

4. In cold water (7 to 10® C.) larvae lose their intense positive response to light 
and become more or less indifferent. Their behavior at reduced temperatures 
shows that they may become geopositive without exhibiting a simultaneous negative 
reaction to light. Their descent to the bottom of a vial is riot caused by a negative 
phototropism. Either of the two tropisms may be independent of the other. 



BEHAVIOR AND METAMORPHOSIS OF BUGULA 


147 


5. Larvae made geopositive by a reduction in temperature do not swim upwards 
towards a source of illumination, w’hen the rays can enter a \'ial only from above. 
Neither do they react negatively to light, when the rays enter only from below’. 
Their positive geotaxis cannot be modified by light. At room temperature, how’- 
ever, approximately half the larvae, originally geonegative, sw’im downw’ards to- 
w'ards a source of light placed beneath a vial. 

6. At 28-30° C. the geotaxis of the larvae is not affected by rapid changes in 
light intensity. 

7. At room temperature, intense light (sunlight and artificial illumination) has 
some effect in driving larvae to the bottom of a vial. 

8. When larvae are returned to diffuse daylight after a 30-minute period in 
darkness, they do not change either their phototropism or their geotaxis, when they 
are maintained at low (7-8° C.) or high (26-30° C.) temperatures. Darkness, 
how’ever, probably reduces their activity and shortens the larv’al period. 

9. A reduction (40-50 per cent) of the salt content of sea w’ater greatly prolongs 
the natatory period and causes larvae to become geonegative after a long period of 
swrimming at the surface. H 3 rpertonic sea water, how^ever, greatly reduces the free- 
sw-imming period, induces a more rapid onset of metamorphosis and causes the lar- 
vae to become geopositive. The development of larvae that metamorphosed in sea 
water of various salinities is discussed. 

10. A slight increase in the osmotic pressure of diluted (50 per cent) sea w’ater 
by the addition of a non-electrolyte does not cause the same response as a similar 
increase in salt content. 

11. An excess of either sodium or potassium causes a rapid loss of pigment. 
Potassium has the more pronounced effect. Sodium induces a rapid onset of meta- 
morphosis, but potassium does not. Both sodium and potassium cause rapid sedi- 
mentation of larvae. 

12. A similar excess of calcium greatly prolongs swimming movements and in- 
hibits metamorphosis. An excess of magnesium inhibits metamorphosis, but does 
not cause prolonged swimming. 

13. Mechanical agitation, hypotonic sea wrater and calcium apparently bring about 
a positive geotaxis by abnormally prolonging the free-s\vimming period of the larvae. 

14. A tentative explanation of geotaxis in these organisms and a discussion of 
the effects of various factors on their metamorphosis are presented. 
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Vx\RIATIONS OF THE SUBMICROSCOPIC STRUCTURE OF THE 
CORTICAL LAYER OF FERTILIZED AND PARTHENO- 
GENETIC SEA URCHIN EGGS 

ALBERTO MONROY AND GIUSEPPE MONTALENTI 
Zoological Station, Naples and Department of Genetics, University of Naples, Italy 

Introduction 

In previous papers one of us (A. Monroy and A. Monroy Oddo, 1945, 1946) 
has investigated by means of polarized light the submicroscopic structure of the 
cortical layer of the unfertilized sea urchin egg. The cortical layer shows positive 
birefringence and normal optic axis, and since, in all the experiments made, no 
data came out suggesting that proteins enter into its constitution, Monroy and 
Monroy Oddo maintained that it is entirely of lipidic nature. According to its 
behavior in some experimental conditions, they considered it as a fluid crystal 
of the smectic type, which can be brought into the scheme of Bungenberg de Jong's 
complex ionic systems. However, according to Runnstrom and collaborators 
(1943-45), whose paper we were able to see only after the publication of Monroy 
and Monroy Oddo's note, the proteins also take part in die constitution of the 
cortical layer of both the unfertilized and fertilized sea urchin egg. This question 
will be discussed in a forthcoming paper. 

We deal here with some results obtained by studying the variations of the sub- 
microscopic structure of the cortical layer of the fertilized or parthenogenetically 
activated egg, Monroy (1945) has already pointed out some rhythmical variations 
of the cortical birefringence after fertilization, up to the tv^o blastomere stage. 
We thought it worthwhile to investigate more accurately the rhythms of the ob- 
served variations, putting them in relation with the process of mitosis and with 
the modifications of permeability which can be observed in the fertilized and 
parthenogenetic egg. 

A short note on these findings has already been published in Nature (Aug. 17, 
1946). 

Experiments on Fertilized and Parthenogenetically Acttv^ated Eggs 

Observations and experiments were carried on in February-April, 1946, at 
the Zoological Station, Naples, on eggs of Psammechinus miliaris artificially fer- 
tilized or activated by Loeb's method. For this purpose, the unfertilized eggs were 
treated with a solution of 2.8^.2 cc. of N/10 butyric acid in 50 cc. sea water. 
After washing in slightly alkaline sea water, they were observed in pure sea water. 

During the first series of experiments the temperature of the water was 13®- 
15® C., in the second series (April), 17®-19®. The developmental cycle was of 
course remarkably accelerated by the rise of temperature: in the first series the 
first cleavage of the fertilized eggs and the climax of the first monastral cycle in 
the parthenogenetic eggs took place after 1 hour and 30 minutes, in the second 
series after one hour. 
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Birefringence of the cortical layer 

Fertilized eggs. At fertilization the cortical birefringence of the unfertilized 
egg disappears, while in polarized light the egg surface acquires a slight diffuse 
luminosity (Fig. 3). After ca. 15-20 minutes, when the sperm-aster is in course 
of development, a slight silver-white positive birefringence appears in the cortical 
layer. In a short time its intensity increases (although it never reaches the in- 
tensity it has in the unfertilized egg, and remains always white) and later on it 
decreases and disappears before the total regression of the sperm-aster. From the 
very first series of experiments, we noticed a somewhat irregular behavior of this 
first birefringence cycle ; its relation to the sperm-aster cycle was not constant, in 
some cases its appearance being earlier, in others later than the beginning of 
the sperm-aster. 

In the second series of experiments, which we performed at a higher tempera- 
ture, the first birefringence cycle was even more irregular. In some lots we could 
not see it, in others it appeared irregularly and for a short time only in some of 
the eggs, usually before the sperm-aster was visible. We shall discuss the possible 
meaning of this behavior later, in connection with the experiments with hyper- 
tonic solutions. 

A second cycle of cortical birefringence, also with positive character, extends 
from the metaphase to the telophase of the first mitosis, as already described by 
Monroy (1945). It is characterized by a much higher intensity of the bire- 
fringence, which sometimes reaches the same level as in the unfertilized egg. 
Furthermore, it is absolutely constant under our experimental conditions. 

As soon as the first cleavage is completed, the cortical birefringence disappears. 
It appears again during the ana-telophase of the second mitotic cycle. 

Parthenogenetic eggs. In the eggs kept in butyric acid solution, the birefrin- 
gence becomes more or less white, decreases in intensity and sometimes disappears. 
After ca, 10 minutes, if the eggs are replaced in sea water, it resumes the intensity 
and the color of the unfertilized egg, and remains so indefinitely (observations up 
to one hour after treatment). 

The eggs removed from the butyric acid solution after a few minutes and 
replaced in sea water are activated. A variable percentage, in the various lots, 
elevate the membrane, while other eggs show incomplete membranogenesis or a 
total failure of it, depending on individual differences between the females used 
and on slightly different concentrations or exposure times. The eggs with no 
membranogenesis, however, are also activated as appears from the nuclear and 
monastral cycles. It is known in fact, that in the eggs simply activated and not 
subjected to the second step of Loeb^s treatment (hypertony), successive monastral 
cycles develop, which finally lead to cytolysis. 

In the activated egg, with or without a fertilization membrane, the cortical 
birefringence disappears as in the fertilized eggs. From IS to 20 minutes later 
the first birefringence cycle appears and its behavior is entirely similar to that of 
the fertilized eggs. Also in this case, if the eggs are kept at a higher temperature, 
the first cycle is more irregular. 

The first cycle comes to its end, and, about one hour after activation, the second 
cycle begins, showing the same characters of constancy and intensity as in fertilized 
eggs. When the monaster regresses, the cortical birefringence also fades away and 
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disappears. Half an hour later the second monaster cycle develops and the bire- 
fringence reappears. A third, fourth, fifth monaster cycle follows, with more and 
more accelerated rhythms, and the egg finally c\tolyzeb. We obser\’ed the re- 
appearance of the birefringence up to the third monaster cycle, and we have little 
doubt that it appears also in the following. 

To summarize, the observations of fertilized and parthenogeiietic eggs in 
polarized light show that in both cases there exists a first C5xle of cortical bire- 
fringence, rather labile, appearing ca. 15-20 minutes after fertilization or partheno- 
genetic activation. It soon fades away and the egg shows a slight diffuse luminos- 
ity, which is probably due to small granules. Almost synchronic with the maximum 
expansion of the diaster, or the monaster, the cortical birefringence reappears very 
intensely. This second cycle also fades away, and a third appears at the meta- 
phase of the second mitosis or at the expansion of the second monaster in partheno- 
genesis. The birefringent layer is always immediately underlying the hyaline coat 
of the activated egg. 

Experiments with hypertony 

The permeability of the unfertilized, fertilized and parthenogenetic egg has been 
the object of very many researches and from the experiments of various authors it 
appears that after activation the permeability undergoes a series of cyclic varia- 
tions. We will not summarize all the pertinent literature, referring for that pur- 
pose to the papers by Herlant (1920), Hobson (1932), Runnstrom (1923, 1929), 
5hnian (1945). We will take into account mainly the results of the kst two 
authors. They have shown that the fertilized or parthenogenetic eggs, after treat- 
ment with hypertonic saline solutions immediately after activation and for a period 
of about 10 minutes, manifest a unifonn total contraction, preser\’ing an almost 
unaltered spherical form. To this phenomenon Runnstrom has given the name of 
“kugelige Plasmolyse*^ or spherical plasmolysis. Bet>\^een 10 and 40 minutes after 
activation the egg reacts in a different way to hypertonic solution, showing a 
wrinkled surface, that is, the “eckige Plasmolyse” of Runnstrom, or angular plas- 
molysis. After ca. 50 minutes from activation, the spherical plasmolysis reap- 
pears, and lasts until the moment immediately preceding the first cleavage when the 
angular plasmolysis sets in. Runnstrom (1929) thinks tliat such phenomena are 
related to variations of the gelification of the cortical layer, the angular plasmolysis 
corresponding to a condition of greater rigidity. 

We thought that a certain correspondence might exist between the t>’pe of 
plasmolysis and cortical birefringence. Therefore we repeated the experiments of 
the preceding authors, at the same time examining the eggs in polarized light. 
We used the same hypertonic solution as Runnstrom and collaborators, i.e., 20 cc. 
of sea water and 6 cc. of a 2.5 II solution of NaCl. The eggs were put into the 
solution at intervals of 5-10 minutes and then observed under normal and 
polarized light. 

The unfertilized egg treated by this solution show's a “polyhedric*' plasmolysis 
(Fig. 2) and loses its cortical birefringence. Immediately after fertilization or 
parthenogenetic activation, a strong spherical plasmolysis is observed while a 
superficial hyaline layer becomes visible. It contains small granules and is of 
variable thicimess in different specimens. The underlying cortical layer proper 
shows a vivid birefringence with polarization cross. Such a condition lasts 10- 
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15 minutes (experiments made in April, at = 17° — 19°) and therefore it 
coincides, in part at least, with the first birefringence cycle observed in normal eggs. 
After this first period, the angular plasmolysis appears, while in polarized light no 
cortical birefringence with polarization cross can be detected. The egg surface, 
especially the edges, appears luminous because of the presence of rather intensely 
birefringent granules. Such a luminosity always occurs in the cortical layer 
proper, while the superficial coat, less clearly defined than in the spherical plas- 
molysis, does not show any luminosity. The angular plasmolysis begins when the 
evolution of the spemi-aster is in progress. 

Such a condition lasts until the metaphase or expanding monaster stage. Then, 
ca. 50-60 minutes after activation, the eggs in hypertonic solution show again 
spherical plasmolysis with intense cortical birefringence (Figs. 5, 7, 8). The 
controls in normal sea water undergo the second birefringence cycle. In this phase 
the superficial coat in the normal egg has reached its maximum thickness. In 
eggs treated with hypertonic solution the coat shows an undulated contour, as if, 
being inelastic, it could not follow the egg mass in its contraction (Fig. 6) . 

We did not observe a reappearance of the angular plasmolysis shortly before 
the end of the division, as described by Runnstrom. 

In the parthenogenetic eggs, during the monaster regression the angular plas- 
molysis reappears, while in the controls birefringence disappears. In the second, 
third, etc., monaster cycle the spherical plasmolysis reappears, always in associa- 
tion with birefringence. 

To summarize : these experiments show that the two t 5 rpes of plasmolysis men- 
tioned by the authors quoted above and observed again by us, correspond fairly 
exactly with the cycles of cortical birefringence; namely, spherical plasmolysis 
corresponds with the phases of evident cortical birefringence, angular plasmolysis 
corresponds with the phases of lacking birefringence. We should like to point out 
again the fact, which will be discussed later, that during the first 10-15 minutes 
after activation, the cortical birefringence of the controls, at the conditions of tem- 
perature stated above, does not always manifest itself clearly. The hypertonic 
treatment, on the contrary, makes it very striking in all the eggs. 

We also noticed that hypertony makes more evident a birefringence of the asters, 
already described by Schmidt (1939) and INIonne (1945) (Figs. 5, 7, 8). 


Plate I 

All the figures are photographs of Psammcchimis miliaris eggs at a magnification of 500 X. 

Figure 1. Unfertilized egg (polarized light) : note the cortical birefringence. 

Figvre 2, Unfertilized egg in hypertonic sea water (ordinary light) : note the “polyhedric” 
plasmolysis. 

Figuee 3. An egg soon after fertilization (polarized light) : note the birefringence of the 
fertilization membrane and the disappearance of the cortical birefringence. 

Figure 4. An egg in the late metaphase stage (polarized light) : the birefringence of the 
cortical layer is again evident. 

Figures 5 axd 6 . An egg in the late metaphase stage in hypertonic sea water as seen in 
polarized light (Fig. 5) and in ordinary light (Fig. 6). Note the smooth surface of the egg 
exhibiting a very brilliant birefringence (Fig. 5) and the wrinkled hyaline layer which does 
not exhibit any birefringence (Fig. 6). Note also the birefringence of the spindle as seen 
from a pole. 

Figures 7 and 8. Eggs in the beginning (Fig.‘ 7) and late telophase (Fig. 8) in hyper- 
tonic sea v,ater (polarized light) ; birefringence of the cortical layer and of the spindle-figure. 
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Colchicine experiments 

The synchronism of the birefringence and the diaster and monaster cycles (in 
fertilized and parthenogenetic eggs respectively) as well as of the plasmolysis cycles 
leads one to think that all these phenomena are linked with one another. We were 
able to obser\"e, however, that the first birefringence cycle (15-20 minutes after 



Figure 9. Diagram showing the time correspondence between the cycle of the cortical bire- 
fringence compared \\ ith the development of sperm-aster and spindle and the types of plasmolysis 
in fertilized eggs. 



Figure 10. Diagram showing the time correspondence between the cycle of the cortical 
birefringence compared with the development of monaster and the types of plasmolysis in eggs 
activated w*itli butyric acid. 


fertilization) is not strictly correlated with the development of the sperm-aster, 
and in the parthenogenetic eggs, of course, is not connected with any phenomenon 
comparable to it. In order to test any possible correlation between the cortical 
birefringence and the aster cycles, we have treated the eggs with colchicine, with 
the aim of suppressing the aster. 
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The technique was the same as that used by Beams and Evans (1940), i.e., 
immersion of the fertilized or parthenogenetic eggs in a 0.0002 M solution of 
colchicine. In both series of experiments we obsen^ed the birefringence cycles, 
as already described, in complete absence of asters. The results are extremely 
clear cut, and therefore we can conclude that the cycles of the cortical birefringence, 
although normally synchronous with the cycles of the asters, are independent of 
them. 

Furthermore the cycle of the two types of plasmolysis in colchicine-treated eggs 
proceeds exactly in the same way as in the controls. It is thus clear that the 
suppression of the aster by colchicine does not alter in any way the conditions of 
permeability of the cortical layer. Hence these experiments confirm Runnstrom’s 
idea that the two types of plasmolysis are related to different conditions of the 
cortical layer only and not of the vrhole cytoplasm. 

Conclusions and Discussion 

From the above described investigations the following conclusions can be 
drawn : 

1. The cortical layer of the unfertilized egg of Psammechinus miltaris shows a 
positive birefringence of yellow-orange color (Fig. 1). 

2. Such birefringence disappears at fertilization or parthenogenetic activation 

(Fig- 3). , 

3. From 15 to 20 minutes after fertilization or activation, in certain conditions, 
a slight positive birefringence appears, of silver-white color. Hypertonic treatment 
makes it evident and constant also in cases in which in the controls it is faint or 
absent. 

4. From 20 minutes to the end of metaphase, the cortical layer does not show 
any birefringence either in controls or in hypertonic treated eggs. 

5. Beginning with the end of metaphase in fertilized eggs and with the starting 
of the monaster expansion in parthenogenetic eggs, a strong positive cortical bire- 
fringence appears, silver-white in color and very brilliant both in controls and in 
hypertonic treated eggs (Figs. 4, 5, 7, 8). 

6. These cycles of variation of the submicroscopic structure of the cortical layer 
correspond exactly to the cycles of spherical and angular plasmolysis described by 
Runnstrom. 

7. Aster inhibition by colchicine does not alter the cycle either of the cortical 
birefringence or of plasmolysis. The correspondence of the cycles of cortical bire- 
fringence, of sperm-aster and spindle in fertilized eggs, of monaster in partheno- 
genetic eggs and of the type of plasmolysis is summarized in the diagrams (Figs. 
9, 10). 

It is thus evident that after fertilization the cortical layer of the sea urchin 
egg undergoes cyclic variations of its submicroscopic structure, which are revealed 
by polarized light. Runnstrom, Monne and Broman (1943), on the contrary, did 
not find any variations of the cortical birefringence after fertilization, although they 
were surprised by the fact that corresponding to the modifications observed by 
Runnstrom (1923, 1928) in dark field, no analogous variations could be detected 
in polarized light. 
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We have already stated that the cortical birefringence which reappears soon 
after fertilization is very variable in intensity and constancy in the different lots 
and under different experimental conditions. Hypertonic treatment, however, 
makes it clear and constant in every egg. Furthermore we have noticed that in 
some eggs, a few minutes after fertilization (4-5 minutes) and, even more fre- 
quently, after parthenogenetic treatment, a very labile and short lasting bire- 
fringence appears, which soon fades away. All this indicates, to our opinion, that 
the cortical layer, after normal or parthenogenetic activation, up to ca. 15-20 min- 
utes, is in a condition of particular lability in its submicroscopic structure, which 
probably has a physiological correspondence in the peculiar susceptibility to hypo- 
tonic solutions pointed out by Just (1922). Since the hypertonic treatment makes 
the birefringence evident, it can be assumed that, as an effect of activation, at first 
there is an increase of the distance between the molecules of the cortical layer, 
which however do not lose their orientation. Hypertony, by causing a decrease of 
volume, determines the approach of the molecules, thus showing their orientation. 

We are not able, at the moment, to give an interpretation of the intimate 
mechanism of such morphological modifications, but we want to draw attention to 
the remarkable physico-chemical modifications which, as is well known, occur soon 
after fertilization. We regard it as probable that an important feature possibly 
concerned with the molecular orientation of the cortical layer, should be the varia- 
tion of the distribution of some electrolytes and particularly of Ca, which have 
been observed by many authors soon after fertilization, e.g., Mazia (1937), Orstrom 
and Orstrom (1942), A. Monroy Oddo (in press). In fact, the importance of 
bivalent electrolytes (especially Ca) on the molecular orientation and attraction on 
complex ionic systems is known (Bungenberg de Jong et al., 1935 ; 1938). A loss 
of may thus determine a decrease of the effective attraction between the mole- 
cules in the ionic layer, and thus a condition of greater hydration of the whole 
system. In this connection it is also interesting to note Ohman's (1945) observa- 
tion that after fertilization a decrease of the free cephalin occurs, which, according 
to the author, is becoming linked to the proteins. That means a variation of the 
relations between the various constituents of the system, and it is not improbable 
that this fact also plays a role in detennining a rearrangement of the composition 
and structure of the cortical layer. 

Attention should also be called to a fact which might have some importance for 
the analysis of the action of butyric acid in the activation process. Unfertilized eggs 
put into butyric acid show a decrease in the intensity of the cortical birefringence, 
which at the same time becomes whitish. After a certain time in the acid the bire- 
fringence returns to the same condition as in unfertilized eggs. The period of de- 
creased intensity corresponds approximately to the optimum time for a successful 
activation. 

Following the first phase the second succeeds, lasting from 15-20 minutes up to 
50-60 minutes after activation, and during this phase tlie birefringence disappears 
and angular plasmolysis sets in. One can interpret this fact by assuming that after 
the phase of molecular orientation characteristic of the unfertilized and freshly fer- 
tilized egg, a phase of disorientation follows. At this time the egg appears diffusely 
luminous in polarized light, and this is probably due to the lack of normality of the 
optic axis of the cortical layer. 
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As to the correspondence which we found between birefringence and spherical 
plasmolysis, and respectively isotropy and angular plasmolysis, we are inclined to 
think that in the first case the cortical layer, being formed by radially iso-oriented 
molecules, undergoes uniform contraction due to hypertony, while in the second case, 
because of the disordered molecular orientation, the resistance of the various points 
of the cortical layer varies, and thus it reacts to plasmolysis not by a imiform con- 
traction, but by formation of wrinkles (cf., also, Runnstrom, Monne and Broman, 
1943). 

It might seem strange that the reaction of the fertilized egg to hypertony, while 
its cortical layer has an orientated structure, is different from the reaction of the 
unfertilized egg, where the cortical layer also has an orientated structure apparently 
entirely similar. The unfertilized egg in fact, as we said, in hypertonic solution 
contracts with a "polyhedric” surface and loses its cortical birefringence. We have 
already mentioned the chemical and structural variations which probably occur in 
the cortical layer of the egg after fertilization and in particular the loss of Ca and per- 
haps also of some of its lipidic components (cephalin ?) . This results in a condition 
of greater softness than in the unfertilized egg. In the latter, the Ca content of the 
whole egg and probably also that of the cortical layer is greater, and this causes a 
greater condensation of its molecules. This is probably the cause of a higher 
rigidity upon which the characteristic type of plasmolysis depends. It is not im- 
probable, however, that in this phenomenon a role is played also by particular re- 
lations of the molecules of the cortical layer with the subcortical proteins, as the re- 
searches of Runnstrom, Monne and Broman (1943) seem to suggest. They found 
that trypsin-treated unfertilized eggs in hypertonic solution contract with a smooth 
surface, without losing their cortical birefrii^ence. 

Apparently this mechanical interpretation fits the observed facts better than 
Ohman’s (1945) explanation. He considers the cortical layer as a lipo-proteic 
film, in which the quantity of proteins and lipids may vary. Of course our inter- 
pretation does not exclude the possibility that during the two phases, viz., orienta- 
tion and disorientation, the relations between cortical lipids and subcortical pro- 
teins may also vary. Herlant’s (1920) observations on the variations of suscepti- 
bility of the egg to fat solvents whicli occur between fertilization and first cleavage 
do not seem to coincide well with the rhythms of plasmolysis; they seem rather to 
indicate the existence of phases of greater and lesser susceptibility which are not 
easy to interpret because of their irregularity. At any rate, it would probably be 
worthwhile to repeat such experiments in connection with observations in polarized 
light, taking into account especially Bungenberg de Jong's researches on the mode of 
action of organic and inorganic compounds on complex ionic systeiris, and in par- 
ticular on the influence they have on the length of the carbon ch^n. 

It is perhaps pertinent to recall here an observation by Ohman (1945), viz., that 
the formation of bubbles by the action of heat is entirely inhibited soon after fertili- 
zation i.e., during the contraction phase. Later on the frequency with which eggs 
show bubbles gradually increases and reaches a maximum between 20 and 30 min- 
utes after fertilization. Then another phase sets in, characterized by a lesser fre- 
quency of bubble formation (not total inhibition as soon after fertilization) which 
extends up to the anaphase of the first mitosis, at which time it increases again. 
The coincidence of this rhythm with the phases of cortical orientation and disorienta- 
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tion which we have described is very striking. The fact might possibly mean that 
the bubble formation is greatly facilitated by the molecular orientation of the cortical 
layer, as was to be expected on the ground of Bungenberg de Jong and Bonner’s 
(1935) researches on bubble formation in drops of coacervates. 

In conclusion we believe that the lipidic character of the cortical layer of the egg 
is not lost at fertilization, although rearrangements in its chemical composition and 
consequent variations of physical properties may well take place. Furthermore 
we recall that one of us (Monroy, 1945) has already pointed out that the cortical 
birefringence which reappears after fertilization, during the second cycle, has the 
same characters and the same quantitative value as in the unfertilized egg. 

Furthermore the following fact found by us seems interesting : while birefringence 
conditions and type of plasmolysis are undoubtedly linked to one another, no linkage 
seems to exist between these phenomena and the aster cycles, although some syn- 
chronism is undeniable. The colchicine experiments allowed us to demonstrate 
that the birefringence-permeability cycle can proceed entirely undisturbed when as- 
ters are inhibited. It is also a remarkable fact that in parthenogenetically activated 
eggs, at the end of the monaster cycle, angular plasmolysis reappears as in fertilized 
eggs at the end of cleavage. Clearly enough we are dealing here with a rhythm 
characteristic of the activated egg independent of cellular division. 

Our researches have not thrown light on the submicroscopic structure of the su- 
perficial hyaline layer, which, as is well known, appears after fertilization and is 
more evident in hypertony. It did not show any birefringence in our experimental 
conditions. We were able to observe that the cortical birefringent layer is always 
underlying the hyaline coat (as already stated by Runnstrom, Monne and Broman, 
1943) and that the latter, especially during the second phase of spherical plasmoly- 
sis, is apparently non-elastic, and therefore, being unable to follow the egg in its con- 
traction, shows wrinkles and undulations. This observation seems to be in favour 
of the presence of some sort of cleavage between the hyaline coat and the cortical 
layer, and that would explain how E. B. Harvey (1934) was able to shift it entirely 
from the egg by means of centrifugation. 

Summary 

The authors have investigated the structural variations of the cortical layer of 
Psammechinus miliaris egg after fertilization or parthenogenetic activation, by 
means of polarized light, hypertonic treatment and colchicine. 

They found regular cyclic variations of the birefringence of the cortical layer. 
A first inconstant cycle of birefringence appears at 15-20 minutes after fertilization 
or parthenogenetic activation. A second, more intense and constant cycle appears at 
the end of metaphase up to the telophase of the first cleavage, or, in parthenogen- 
etic eggs, at the expansion of the monaster. 

In eggs treated with hypertonic solution, ‘'spherical plasmolysis” corresponds to 
the birefringent phases, while “angular plasmolysis” corresponds to the non-bire- 
fringent phases. 

Colchicine, which inhibits the aster formation, does not alter either the bire- 
fringence or the plasmolysis cycles and their synchronism. The latter two phen- 
omena are thus linked to one another, but independent of the cycles of the aster. 



SUBMICROSCOPIC STRUCTURE OF CORTEX 


161 


The meaning of the facts and their relations to the physico-chemical phenomena 
occurring during activation are discussed. 
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PHYSIOLOGICAL OBSERVATIONS UPON A LARVAL EUSTRON- 
GYLIDES. XL INFLUENCE OF OXYGEN TENSION ON THE 
AEROBIC AND POST-ANAEROBIC OXYGEN 
CONSUMPTION. 

THEODOR VON BRAND i 
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Harnisch ( 1932a, b ; 1933 ; 1935a, b, c) has emphasized that the respiration of 
parasitic worms is dependent on the oxygen tension at least up to a tension of 760 
mm. Hg. He has also shown that the post-anaerobic oxygen consumption, the re- 
payment of an oxygen debt, shows the same relationship in a number of free living 
organisms, the normal aerobic respiration of which is much more independent on the 
tension. He has used this argument as one of the cornerstones for his hypothesis 
that the respiration of parasitic worms and the post-anaerobic oxygen consumption 
of free living animals is governed by another set of enzymes (secondary aerobiosis) 
than the normal aerobic respiration (primary aerobiosis) of the latter. Von Bud- 
denbrock (1939) has questioned this view in so far as free living animals are con- 
cerned, pointing out that the tension at which the oxygen consumption begins to de- 
cline is not static but changes with the intensity of the oxygen consumption. 

Since Harnisch used for his investigations on parasites only intestinal and bile- 
duct helminths, it appeared worthwhile to study in this respect the larvae of £«- 
strong ylides ignotus which definitely lead in nature a much more aerobic life than 
the former (von Brand, 1942). It was hoped to decide between Harnisch' and von 
Buddenbrodk’s views by using larvae at various levels of metabolism, the changes 
being partly induced by the stimulating effect of the potassium ion (von Brand, 
1943), partly by various temperatures. Although this hope was not completely ful- 
filled, the experiments in themselves are of sufficient interest to warrant publication. 

Material and Methods 

In the respiration experiments reported upon previously in this series (von 
Brand, 1942, 1943) Eustrongylides larvae freshly isolated from the cysts which they 
normsdly occupy in Fundulus were used almost exclusively. It was then found that 
they showed initially a trace of excess oxygen consumption. This phase had to be 
eliminated for the present experiments. The worms were therefore isolated in 
batches from 3 to 5 specimens, weighed, and kept over night in a shallow layer of 
either 0.85 per cent NaCl or 1.14 per cent KQ, that is, under conditions allowing for 
a completely aerobic metabolism. After this preliminary period their oxygen con- 
sumption was studied at various oxygen tensions with a minimum of 1% hour for 
each tension. The fluid in the respiration vessels was the same as that used during 

1 The author is indebted to the Elizabeth Thompson Science Fund for a grant towards the 
purchase of the respiration apparatus used in this investigation. 

162 



RESPIRATION OF EUSTRONGYLIDES 


163 


the preliminary period. The oxygen determinations were carried out by means of 
a Warburg apparatus. The gas mixtures were passed for 20 minutes through the 
vessels before closing the manometers ; they contained oxygen at the following ten- 
sions : 760, 160, 34, and 6 mm. Hg. Usually from 2 to 3 different tensions were 
used consecutively with one batch of worms. Care was taken to employ the highest 
tension first in order to avoid an excessively high oxygen consumption if the worms 
should acquire an oxygen debt at the lower tensions. Previous experiments had 
shown that the respiration of the larvae remains virtually constant over long periods 
if the conditions are not changed. Any decline in oxygen consumption following the 
replacement of a gas mixture with high oxygen tension by one containing less 
oxygen could consequently safely be ascribed to the lowered tension. The experi- 
ments of these series were carried out at 40.2, 28.5, and 18.8° C. 

A slightly different procedure had to be employed in the series in which the 
dependency of the post-anaerobic oxygen consumption on the tension was studied. 
The isolated and weighed worms were first exposed, in 0.85 per cent NaQ, for a 
period of 16 hours to anaerobic conditions, using the method previously described 
(von Brand, 1942). In order to get as xmiform an oxygen debt as possible, the 
worms were subjected to this anoxic period at 37° C. regardless of the temperature 
at which the post-anaerobic oxygen consumption was studied subsequently. The 
repayment of an oxygen debt is a transitory phenomenon ; after an initial high rate, 
the oxygen consumption declines slowly until it reaches finally the pre-anaerobic 
level. The phase of high oxygen consumption will last longer at low than at high 
temperatures if an equal oxygen debt is repayed at both temperatures. These 
facts precluded obviously the consecutive use of various gas mixtures with one and 
the same group of animals. Instead, a new batch of worms was used for each ex- 
periment at each tension and only the oxygen consumed during the first half hour 
was taken into consideration. These experiments were carried out at the same 
tensions and temperatures as those mentioned above ; an additional series was per- 
formed at 9,8° C. 


Results and Discussion 

A summary of the experiments is presented in Table I. It is evident that the 
dependency of the oxygen consumption on the tension is much more pronounced at 
high than at low temperatures if the comparison is made between series performed 
under otherwise equal conditions. In the aerobic NaQ series, for example, the 
oxygen consumption was dependent, at 40.2° C., on the tension over the entire range 
of tensions studied, while at 18.8° C., it was almost constant in the range of 760 to 
34 mm. Hg. 

The post-anaerobic oxygen consumption was, at each temperature studied, about 
three times as high as the normal aerobic respiration in NaQ solution when the 
values found at an oxygen tension of 760 mm. Hg are compared. 

If, as von Buddenbrock (1939) maintains, the intensity of the respiratory rate 
decides at what tension the consumption begins to decline, one should expect that 
at each temperature tlie curve for the post-anaerobic oxygen consumption should 
be steeper than that of either the aerobic NaQ or KQ series. The observations 
confirm, orfthe whole, this view, especially at tensions below 160 mm. Hg. Between 
760 and 160 mm. Hg there was hardly a significant difference between the three 
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conditions studied, with the exception of the 40.2® series which showed the postu- 
lated relationship. To make von Buddenbrock’s view of the essential similarity 
between normal and post-anaerobic oxygen consumption entirely acceptable, an- 
other prerequisite would have to be met. One should expect that the dependency 
of the post-anaerobic oxygen consumption on the tension should be the same as the 
aerobic one if one compares series in which the intensity was equal at a tension of 
760 nim. Hg, i.e., if one takes as basis of comparison post-anaerobic experiments 
performed at lower temperatures than the aerobic ones. The post-anaerobic ex- 
periments performed at 18.8® C. showed at 760 mm. Hg exactly the same intensit}’ 
in oxygen consumption as the 28.5® C. KCl series. Similarly, the rate of oxygen 
consumption in the 9.8® C. post-anaerobic series was quite similar to that found 
in the 18.8® C. KCl series. In both cases as slightly greater dependency on the 
tension was observed in the post-anaerobic series ; the differences are, however, 
not statistically significant. 

While the present experiments seem, therefore, to support von Buddenbrock’s 
view, they do not necessarily as yet completely disprove Hamisch’s conception of 
“primary” and “secondary aerobiosis.” Harnisch has found evidence that the 
respiration of parasitic worms is almost exclusively of the second type, that is, it cor- 
responds to the post-anaerobic oxygen consumption of free living animals. One 
would then also expect identical curves in cases where the metabolic levels coincide. 
Although the larvae of Eustrongylides ignotiis resemble in their general metabolism 
unquestionably free living animals more than they do intestinal helminths, it cannot 
be stated categorically that they do so in the question under consideration. To 
decide definitely between Harnisch and von Buddenbrock, experiments similar to 
those described in the present paper should be performed on free living animals. 
Certainly, von Buddenbrock’s criticism of Hamisch’s failure to consider the intensity 
factor is justified, but that is hardly sufficient to reject the latter’s views without fur- 
ther experimentation. 

One further point deserves brief discussion. Von Buddenbrock (1939) has 
pointed out that the reasons for assuming a dependency of the oxygen consumption 
on the tension are occasionally rather insecure because the gases going into purely 
physical solution are neglected. He cites the example of the sea urchin Sphaerechi- 
uus granulans whicli shows for a certain period an increased oxygen consumption 
if it is transferred from sea water with normal oxygen content into water contain- 
ing an abnormally high oxygen content. Analyses of the coelomic fluid revealed 
that the greatest part of this excess oxygen had simply gone into physical solution 
and had not participated in the metabolic processes. Such an explanation cannot 
be applied to the Eustrongylides larvae. Some of the worms were, after their 
metabolic level had been ascertained at an oxygen tension of 160 mm. Hg, kept up 
to 6 hours in pure oxygen at 40.2® C. They showed during the entire time a regu- 
lar oxygen consumption which was all the time higher than that found in the pre- 
limmary period. Obviously, we are dealing here with a case of true dependency 
on the tension, just as it occurs in actinians which are, as is known since Henze’s 
(1909) investigation, a classical example for this type of relationship. 

It should finally be noted that the exposure to pure oxygen for 6 hours did not 
seem to harm the Eustrongylides larvae. They diflFer in this respect from the in- 
testinal helminth Ascaris which is rapidly killed by oxygen of high tension (Laser, 
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1944) . This difference may have a biological basis in the fact that the latter worm 
lives normally in a much oxygen poorer habitat than the former. 

Summary 

1. The oxygen consumption of larv^al EiistrongyUdcs igjwtus shows a greater de- 
pendency on the oxygen tension at high than at low temperature. 

2. The post-anaerobic oxygen consumption is more dependent on the tension than 
the respiration of larvae that were exposed previously to well oxygenated sur- 
roundings, if experiments performed at equal temperatures are compared. This 
difference disappears almost completely, however, if experiments are compared in 
which the intensity of the oxygen consumption was equal in both sets at a tension of 
760 mm. Hg. 

3. The implication of these data is discussed on the controversy between Har- 
nisch and von Buddenbrock as to whether it is justified to distinguish between 
‘‘primary” and “secondary aerobiosis.” 

4. The dependency of the oxygen consumption on the tension is a true one and 
is not only simulated by oxygen going into physical solution in the body fluids at 
higher tensions. 

5. The larvae of EiistrongyUdcs, in contrast to Ascaris, are not killed by a 6-hour 
exposure to pure oxygen. 
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There have been two prime viewports regarding the relation of metabolism to 
morphogenesis. One advanced by Child and his students has considered rate of 
metabolism in relation to the organismal factors initiating and directing the course 
of morphogenesis. Barth (1938, 1940a, 1940b), supporting Child’s view, has sug- 
gested that increased oxygen tension in the tissues adjacent to a wound may furnish 
a primary stimulus for regeneration in hydroids ; but he found that rate of regenera- 
tion was much more markedly stimulated by high oxygen tension than was rate of 
oxygen consumption. Thus the effect on regeneration may not have been mediated 
through an effect on total aerobic metabolism. The other viewpoint, advanced by 
Tangl (1909) and more recently by Tyler (1933, 1936, 1942), has considered rate 
of metabolism in relation to the release and utilization of energy in morphogenetic 
processes, particularly differentiation. Tyler concluded from his work on sea 
urchin embryos that differentiation requires the expenditure of metabolically re- 
leased energy in addition to that required for maintenance, s^nd that this energy 
does not become resident in structure but is released as heat during morphogenesis. 
This view is consistent with the work on “activity metabolism” (cf., Fisher et al., 
1942, 1944). 

The present study was undertaken to analyze further the relations between 
metabolism and morphogenesis from both viewpoints. In the regenerating annelid, 
measurements of morphogenesis may be made by counting the number of new seg- 
ments produced (Stone, 1932 and Coldwater, 1933). The formation of a new 
segment is not a simple event, but involves distinct stages. This allows estimation 
of the rjates at which various processes in regeneration proceed- Metabolism may 
be separated into fractions by means of poisons, and the relation of the activity of 
particular cellular respiratory systems to morphogenesis may then be tested. Two 
modes of approach were used in this study: oxygen consumption and respiratory 
sensitivity to poisons were measured at various times during r^eneration (results 
reported in this paper), and the effects of continuous poisoning and of high and 
low oxygen tension were determined by measuring the progress of r^eneration 
(results to be reported later) . 

* Present address : Department of Chemistry, Stanford University, California. 
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Materials and Methods 

Worms of the species Tuhijcx tubijcx^ were rigorously selected for uniform 
size and condition (3.5 to 5.0 centimeters in length, a light, smoothly graded color, 
no signs of previous regeneration, no signs of breeding condition). For a week 
before use and between determinations the worms were kept in frequently changed 
tapwater at about 17°C. A 0.2 per cent solution of chloretone was used as an anaes- 
thetic during amputation of the posterior two-fifths of each worm and during exami- 
nation under the microscope. Individual worms were kept in anaesthesia no longer 
than ten minutes every third day (cf., Stone, 1932). Stage and rate of regeneration 
were estimated at intervals of several days. Three stages in the formation of a new 
segment were clearly distinguishable in vivo. First the new segment appeared as 
a narrow shadow perpendicular to the longitudinal axis of the worm. Later the 
new segment was slightly longer and the septum appeared as a pair of fine sharp 
lines. Finally the new setae were visible as small refractile bodies. The three 
stages were considered to be stages of localization, early differentiation, and later 
differentiation respectively (cf., Stone's description of the cytology and histology 
of regeneration in Tuhijcx tuhijcx). The number of segments in each of the stages 
was recorded separately. After regeneration had proceeded for a week or more, 
all stages of segments were present in the new tail, but segments which were hard 
to classify were few in number. ‘‘Rate of localization’' - was calculated as the in- 
crease in total number of segments per worm per day ; “rate of early differentiation” 
as the increase in number of segments in all stages of differentiation, and “rate of 
later differentiation” as the increase in number of segments with setae. 

Most of the determinations of oxygen consumption were made by the Warburg 
manometric method, at 25°C. Worms for these determinations were taken in 
groups of twenty-five to forty, collected into a ball, rolled on filter paper to free 
them of excess* water, placed in a pan of platinum foil and weighed quickly on a 
torsion balance. Consecutive weighings were found to deviate by less than one 
per cent. A difficulty in use of intact animals in the Warburg apparatus was en- 
countered in the differences in degree of dispersion of the worms over the bottom 
of each flask. Probably the marked ability of T. tuhijcx to contract “oxygen debt” 
(Harnisch, 1935) was brought into play when the worms remained in a ball (aver- 
age oxygen consumption in five determinations during which the worms remained in 
a ball was 0.12 milliliter per gram wet weight per hour compared to 0.16 milliliter 
for dispersed worms). Fortunately the worms .spread out uniformly in most cases 
and only those determinations throughout which the wonns were uniformly dis- 
persed were included when calculating averages. 

Successive determinations were made on the same worms at intervals of several 
days and the progress of regeneration was also measured. That this routine was 
not unduly injurious to the worms was indicated by a normal rate of regeneration 
and a casualty rate only slightly higher than that of worms upon which no manomet- 
ric determinations were made ; also the oxygen consumption of intact worms used 
as control remained constant within the limits of error throughout each series of 

1 Identification confirmed by Dr. R. G. Stone, University of Kansas City. 

2 This is the same as rate of regeneration as used by Stone (1932) and Coldwater (1933), 
although these authors did not calculate rate on a daily basis. From their published data on 
comparable worms the curve in Graph 1 may be duplicated. 
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determinations. These intact worms were anaesthetized and examined as were the 
experimental animals, injured individuals being removed from the group. About 
10 per cent of the worms in each group had been removed by the end of the 
experiments. 

A modification of the method reported hy Howland and Bernstein (1931) was 
used for measuring oxygen consumption by individual worms. Each worm was 
drawn into a capillary tube 0.5 millimeters in diameter. By shifting the worm in 
a drop of water back and forth in the tube, air was drawn in at each end, then a 
drop of 5 per cent potassium hydroxide solution. Finally one end was sealed with 
paraffin oil and the other with vaseline (see Fig. 1). The tube was mounted in a 



Figure. 1 Diagram of respirometer used in modified Howland-Bernstein method of measuring 
oxygen consumption (much enlarged). 


vertical position on a glass plate in a glass- walled constant-temperature bath at 21 °C. 
About fifteen such tubes were handled at a time. The distance between upper and 
lower air-KOH interfaces was measured using a horizontal microscope with a cali- 
brated adjustment. The inside diameter of the capillary was measured exactly and 
the volume of oxygen consumed was calculated directly. A wormless tube served 
as a thermobarometer. The movement of the worm in the tube was found to fur- 
nish an efficient stirring mechanism in the fluid part of the system, and it was calcu- 
lated that the capillary was not fine enough to hinder diffusion in the gaseous phase. 
After a series of readings, the capillary tubes were broken at the air spaces and the 
worms removed uninjured. Measurement of each worm was then carried out by 
anaesthetizing it and taking the diameter at four or five points and the length. The 
volume of the worm was computed as a series of cylinders. 


Data on Worms Not Undergoing Regeneration 

As determined both by use of the Warburg apparatus and by the method just 
described, the rate of oxygen consumption of normal worms was within the range 
of rates reported by other workers using various methods (Dausend, 1931 ; Har- 
nisch, 1935 ; Brazda and Rice, 1940) . In agreement with ffie last named investi- 
gators, it was found that size of worms from 2.5 to 5.0 centimeters in length made 
no significant difference in rate of oxygen consumption. Concentrations of potas- 
sium cyanide from 2 X lO”"* M to 2 X 10*^ M had no inhibitory effect on oxygen 
consumption by normal worms (see Table I). Cyanide in a concentration of 
2 X 10"® M was rapidly lethal, but nevertheless did not decrease oxygen consump- 
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tion as drastically as its toxicity might suggest. Comparison with the data re- 
viewed by Commoner ( 1940) shows that the total oxygen consumption by T. tubijex 
is of the same absolute magnitude as the cyanide-stable fraction of respiration in 
many other animals and tissues for which such data are available. 

Table I 


Oxygen consumption by intact worms in various concentrations of 
potassium cyanide 


Solution 

Qo. 

Number of 
determinations 

Tapwater 

0.16 

22 

2 X 10-« M KCN 

0.16 

2 

2 X 10~*^ M KCN 

0.16 

6 

2 X 10-* M KCN (non-lethal) 

0.15 

5 

2 X 10-® M KCN (semi-lethal) 

0.19 

2 

2 X 10-® M KCN (lethal) 

0.11 

1 


Note: Determinations were made 'using standard manometric procedure at 25®C. 


Respiratory quotient was found to average 0.68 for normal starving worms. 
The data agree with those of Brazda and Rice and suggest non-carbohydrate me- 
tabolism, possibly protein or fat metabolism. Such a type of metabolism is also 
expected from the cyanide-stable character of the respiration (cf., Commoner’s re- 
view) as well as from the starving condition of the worms. 


Experimental Results 

In preliminary work measuring the oxygen consumption of individual worms 
(see Table II) it was found that during the first few days of regeneration oxygen 

Table II 

Oxygen consumption by individual worms 


Oxygen in mm.» per mm.* of worm per hour 



0 days 

1 day 

8 days 

11 days 

15 days 

19 days 

Normal intact 

0.10 



0.09 

0,09 

0.09 

Normal cut 
(regenerating) 

0.10 

0.12 


0.17 

0.15 

0.15 

X-rayed intact 

0.08 

0.09 

0.07 

0.09 

0.08 

0.11 

X-rayed cut 
(inhibited) 

0.10 

0.11 

0.09 1 

0.11 

0.10 

0.11 


Note: Determinations were tnade using capillary tubes at 21°C. Probable error was dbO.OL 


consumption proceeds at a rate only slightly higher than normal. Later a marked 
increase in rate of oxygen consumption appeared: 0.08 mm.® per mm.® of worm 
per hour, or 85 per cent above normal. Subsequently the rate of oxygen consump- 
tion decreased. It was found that worms in which regeneration had been inhibited 
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by X-ray treatment showed no similar increase in oxygen consumption. It was 
considered that the increased oxygen consumption was associated With some process 
occurring during regeneration. In this preliminary work no counts of segments had 
been made, but the data of Stone (1932) were used for comparison. It was sug- 
gested that differentiation might be the process with which the increased oxygen 
consumption was associated. It was thought possible that the increase in oxygen 
consumption might be cyanide-sensitive as in the case of grasshopper embryos (Bo- 
dine et al., 1934, 1940). To test this possibility as well as to check results thor- 
oughly using a standard method, experiments were set up in which the Qoo of re- 
generating worms in tap water and in dilute cyanide solution (2 X 10"^ M KCN) 
was determined using Warburg manometers. Detailed observations of the progress 
of regeneration were made on the same worms. A total of nine groups of worms, 
303 individuals, were followed through regeneration in three series of experiments. 
Four groups of worms, 137 individuals, served as control. Results of the manomet- 
ric determinations are summarized in Table III, each figure being the average of 

Table III 


Oxygen consumption by groups of worms 


Days 

Predominating regenerative 
processes 

Regenerating worms 

Concurrent control 

^0* 

qKCN 

Oo, 

>*o* 

2 

Mobilization of neoblasts and 
b^inning localization 

0.18 

0.20 

0.17 

0.17 

3 

Localization 

0.17 

0.16 

0.16 

0.16 

4 

Localization 

0.16 

0.15 

0.16 

0.15 

S 

Localization and early 
differentiation 

0.17 

0.16 

0.16 

0.15 

6 

Early differentiation 

0.16 

0.15 

0.17 

0.17 

8 

Early differentiation 

0.18 

0.17 

0.16 

0.15 

12 

Later differentiation 

0.24 

0.24 

0.16 

0.15 

13 

Later differentiation 

0.24 

0.25 

0.15 

0.15 


Note: The error when calculating from data on thirty-minute intervals was ±0.009. When 
calculating from data on the whole run, the error was reduced to about ±0.003. Mean deviation 
of separate averages from the grand averages listed in this table was ±0.008. 


determinations on from two to five groups of worms. Data on progress of regen- 
eration are summarized in Graphs 1, 2, and 3. After two days of regeneration, 
during which localization occurred in the first new segment from the neoblasts in the 
blastema, oxygen consumption was slightly above normal. Between three and five 
days, the period of maximal rate of localization, oxygen consumption was only 
slightly if at all above normal. While early differentiation was proceeding at its 
maximum rate six days after removal of the tail, oxygen consumption was strictly 
normal. But while later differentiation was proceeding, rate of oxygen consumption 
was increased : at twelve days the rate was 0.08 milliliters per gram per hour higher 
than the control, i.e., 50 per cent higher. At this time rate of later differentiation 
was at a maximum. The determinations using the Warburg method confirm in 
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general the results of the earlier determinations using individual worms in capillary 
tubes.® At no time was a significant cyanide-sensitive fraction of respiration found. 

A summary of data on loss of weight by the worms involved in this study is 
given in Table IV. These data indicate not only that the regenerating worms lost 


TABLIi I\' 


Original length of 
worms in 
centimeterb 

Condition 

Average weight per 
worm at first 
weighing after 
removal of tail 
(2, 3, 4 days) 

.Average weight per 
worm at last 
weighmg 
(12. 13 days) 

Average percentage 
loss per dav 

3.5 to 4.0 

Regenerating 


0.94 mg. 

3.09 


Normal 


1.57 mg. 

1.82 

4.0 to 5.0 

Regenerating 


1.57 mg. 

3.01 


Normal 


2.22 mg. 

1.51 


almost twice as much weight as the control, but also that the initial differences in 
weight between experimental and control groups due to removal of the tails cannot 
account for either the increased oxygen consumption or the increased loss of weight. 
The latter point is clear from a comparison between the larger regenerating worms 
(4.0 to 5.0 centimeters original length) and the smaller normal worms (3.5 to 4.0 
centimeters in length). 


Discussion 

Morphogenesis, the origin of form, involves the production of the specific struc- 
tural chemicals of protoplasm, their orientation into submicroscopic structure, and 
the summation of submicroscopic structural differences into microscopic and macro- 
scopic structure. Morphogenesis depends upon metabolism in that anabolic proc- 
esses produce the particular compounds which become oriented into structural parts 
and catabolic processes must release in usable form such energy as may be required, 
if any, in morphogenetic processes. Morphogenesis may involve work in the ther- 
modynamic sense according to either of two conditions: (1) there may be free en- 
ergy of formation of the structure such that the energy becomes resident in chemical 
and physical structure, and/or (2) the s)mthesis of materials, their transport to par- 
ticular positions, and their fixation in these positions, may require energy in such a 
way that the energy is ultimately dissipated as heat, even as the energy required to 
move an object horizontally from one point to another is ultimately dissipated as 
heat. 

Tangl (1909), Farkas (1903) and Bohr and Hasselbalch (1903) defined “Ent- 
wichlungsarbeit,” ‘'work of development,” as the total energy dissipated during 
embryonic development. In a number of different animals the Entwicklungsacbeit 
was found to be equal to about one-third of the total energy content of the unincu- 
bated egg. Needham (1931) criticized the concepts of Tangl and contended that 

® The differences in general level of oxygen consumption are probably due to the difference in 
temperature at which determinations were made, i.e., Warburg determinations at 25® C., and capil- 
lary tube determinations at 21® C. (Brazda and Rice, 1940, found that oxygen consumption was 
increased about 40 per cent when the temperature was raised from 25® C. to 30® C.) and to 
inequality of unit volume to unit weight. 
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‘Svork of development” should be a potential energy resident in structure, i.e., should 
he “work of differentiation.” He further pointed out in reviewing the work of Bohr 
and Hasselbalch, that the energy resident in mechanical structure must be either 
non-existent or extremely small in amount. Essentially, the difficulties arose from 
the inadequacy of controls : no measure of an energetic cost of maintenance separate 
from an energetic cost of development vras available in the work of Tangl, Farkas, 
and Bohr and Hasselbalch. 

Tyler (1933) found that normally developing dwarf sea urchin embryos con- 
sumed more oxygen than normal-sized embryos in reaching the same stages of 
development. He interpreted his results in terms of a metabolic cost of differenti- 
ation. Tyler’s concept, different from that discussed by Needham, involves the ex- 
penditure of energy in morphogenesis but not necessarily the storage of energy in 
visible structure. His investigations of giant embryos gave evidence consistent with 
his interpretation and he tried further to dissociate differentiation, growth, and 
maintenance in his material, but was unsuccessful. He stated (1936), “It has been 
concluded from earlier work that energy is required for the processes of embryonic 
differentiation, although the quantities involved could not be estimated.” 

Some of the difficulties encountered in studies of morphogenesis in embryonic 
development are avoided when morphogenesis is investigated in regeneration. In- 
tact animals may be used in measuring the metabolism associated with maintenance,^ 
and comparison between the metabolic rates of regenerating and of intact animals 
gives a measure of metabolism associated with morphogenesis. Increased rate of 
oxygen consumption during regeneration has been reported in Planarians (Cold- 
water, 1930). The additional metabolism appeared immediately after cutting and 
may have been associated with proliferation and increased numbers of the formative 
cells in this case. Coldwater chose this interpretation. However, it has not been 
demonstrated that either formative cells or other cells of an embryonic nature have 
intrinsically high respiratory rate. Tumor cells, for instance, have been found to 
have a relatively low Q 02 (Warburg, 1930). Since these may be considered em- 
bryonic cells in which determination and differentiation are not proceeding, their 
metabolism may be considered entirely associated with maintenance and prolifera- 
tion. On this basis, maintenance of embryonic cells should not, in itself, lead to 
increased respiration. From an examination of Needham’s comprehensive review 
of the investigations of metabolism of embryos it is clear that the magnitude of rate 
of oxygen consumption is not greater than that of certain adult tissues. It is possible 
that in regenerating Planarians the additional metabolism was associated with truly 
morphogenetic processes rather than with proliferation and maintenance, but the 
data do not allow a distinction between the possibilities. 

In the present work a distinction is possible. During regeneration in T. tubijex 
the rate of oxygen consumption was found to remain normal for the first w^. 
During the second week the oxygen consumption was found to increase to well above 
normal. Because the markedly increased oxygen consumption did not appear 
during early stages of regeneration, it certainly was not associated with mobilization 
or proliferation of the neoblasts. That it was not associated with increase in size 

* In the present work the data provide an empirical check on this assumption : since the Qo* 
remained normal during most of the first week of regeneration, the aerobic metabolic cost of 
maintenance of regenerating worms must be the same as that of intact worms. 
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of the new segments is clear from the consideration that increase in rate of oxygen 
consumption appeared before marked increase in the size of the new tail ; during the 
first two weeks the regenerant tail constituted only a very small fraction of the 
total volume of the worm (less than one-twentieth). Hence the additional oxygen 
consumption may be considered to be associated with morphogenesis proper. From 
the present data it is not possible to distinguish whether the additional oxygen con- 
sumption occurred in the regenerant tail alone or whether the older tissues also con- 
sumed oxygen more rapidly. If the increase be referred to the regenerant tail 
alone, the Q02 of this part must have been extremely high. However, in estimating 
a metabolic cost of morphogenesis it is logical to refer the cost to the worm as a 
whole. Estimated on the basis of oxygen consumption, the metabolic cost of 
morphogenesis during the second week of regeneration would be at least half as 
great as the cost of maintenance of the whole worm. Another estimate of a possible 
cost of morphogenesis is available from the data. Because of the starving condition 
of the worms, all substrates of metabolism in both intact and regenerating worms 
were necessarily derived from the older tissues; loss in weight should be propor- 
tional to the amount of the materials metabolized away. Materials which were 
transferred from the older tissues to the regenerant tissues should not enter into 
the determination, and thus loss in weight should be proportional to net rather than 
gross breakdown of substrates. It was found that during the same periods of time 
regenerating worms lost weight almost twice as rapidly as intact worms. On this 
second basis, morphogenesis has a metabolic cost nearly the same as the cost of 
maintenance of the entire worm. The cost estimated from weight loss is thus 
greater than that estimated from oxygen consumption. Probably not all of the 
breakdown of substrates is associated with oxygen consumption, and morphogenesis 
may have an additional cost in terms of activity of anaerobic metabolism or glycolysis. 

Analysis of a metabolic cost of morphogenesis may be carried further by com- 
paring the time course of rate of oxygen consumption with the time course of events 
in regeneration, especially the time course of the processes which were measurable 
in terms of segments per worm per day. During the period of highest rate of locali- 
zation, oxygen consumption was only slightly above that of non-r^enerating worms. 
During the earliest stages of differentiation oxygen consumption was almost pre- 
cisely the same as in non-regenerating worms. This indicates that localization is 
not particularly costly in terms of aerobic metabolism, while initiation of differenti- 
ation appears to cost nothing. The evidence does not indicate that localization and 
early differentiation are independent of catabolism. Measurements of total oxygen 
consumption give no indication of the relative activities of different fractions of 
catabolism, nor do they indicate how much energy may be released through cellular 
oxidative systems which use some hydrogen acceptor other than molecular oxygen. 
(Evidence which indicates an ‘'activity metabolism” of localization will be presented 
in a later paper.) 

The peak in rate of oxygen consumption was found to coincide in time with the 
peak in rate of later differentiation. Furthermore, the earliest time of marked in- 
crease in oxygen consumption coincided with the time at which the later stage of 
differentiation began appearing, first at a low rate, then more rapidly, parallel with 
increase in rate of oxygen consumption. The marked increase in oxygen consump- 
tion in regenerating T. tubifex is associated with differentiation, or some process 
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involved therein, and not with morphogenetic processes in general. Tt is suggested 
that dififerentiation is paid for in terms of metabolically released energy, and that 
the cost is high. As estimated from increase in oxygen consumption and in loss of 
weight, this cost must be at least half as great as the cost of maintenance of the 
entire worm. 


Summary 

1. Methods of measuring "rate of localization,” "rate of early differentiation,” 
and "rate of later differentiation,” during posterior regeneration in Tubifex tubijex 
have been described. 

2. A method of measuring oxygen consumption of individual worms has been 
described. 

3. Oxygen consumption, as determined according to the above mentioned method 
and also according to the Warburg manometric method, has been found to proceed 
at a near normal rate during localization and early stages of differentiation in the 
first week of regeneration. 

4. Markedly increased rate of oxygen consumption has been found associated 
with maximum rate of later differentiation during the second week of regeneration. 

5. No significant cyanide-sensitive fraction of respiration was found at any stage 
of regeneration. 

6. Worms in which regeneration had been inhibited by X-ray treatment showed 
no increase in oxygen consumption. 

7. Loss of weight by the starving regenerating worms was found to be almost 
twice as great as by the intact worms. 

8. The data have been discussed in terms of a metabolic cost of differentiation, 
which cost would be at least half as great as the metabolic cost of maintenance of 
the entire worm. 

9. It is concluded that the marked increase in aerobic metabolism observed during 
regeneration in T. tubifex is associated with some process or processes involved in 
differentiation. 

The author expresses her deep appreciation for the direction and encouragement 
so generously given by Dr. Daniel Mazia, for the use of equipment belonging to the 
Department of Zoology, for the kindly interest of Dr. W. C. Curtis, and for the sug- 
gestions and criticisms offered by numerous people connected with the Department. 
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THE EFFECT OF SEX AND AGE ON THE TEMPERATURE 
AT WHICH REVERSAL IN REACTION TO LIGHT 
IN ERISTALIS TENAX OCCURS 
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Di^partment of Bioloijy, University of Buffahu Buffithi, N. V. 


Introduction 

One of the most tantalizing phenomena facing the physiologist is the change of 
sign of reaction to light that occurs in many organisms. In this reversal an organ- 
ism which is normally photopositive, moving toward the light, becomes negative 
and avoids the light, or a normally photonegative organism, moving away from the 
light, becomes positive. Some even consider this phenomenon ‘‘unapproachable,” 
according to Maier and Schnierla (1935). Although this has claimed the attention 
of extremely able investigators for over 75 years, Holmes’ statement (1916) holds 
good today. “The mechanisms involved are still unknown.” The need for infor- 
mation concerning this problem is shown by the brevity of the paragraphs devoted 
to it by Wigglesworth (1939) and Heilbrunn (1943). 

Reversal in reaction to light occurs “spontaneously” with no change in external 
conditions in Daphnia (Ewald, 1914; Clarke, 1932) and in Spondylomorum (Mast, 
1918). It occurs rhythmically in some animals, according to Bohn (1905, 1907, 
1909), Ewald (1914), and Warden, Jenkins, and Warner (1940), and in the course 
of normal development in others (Fraenkel and Gunn, 1940). For example, lobster 
larvae (Hadley, 1908) are positive for two days after hatching when they become 
negative and remain so until shortly before molting when they again become positive. 
They are negative in the early second stage and third stage but become positive be- 
fore molting. In the fourth and later stages they are negative. 

Various investigators maintain that a reversal of sign of the reaction to light can 
be produced in many organisms by the following changes : I. In the organism itself : 
metabolic rate, muscle tonus, water content, concentration of certain hormones, 
adaptation in sense organs, orientation to gravity, mode of locomotion (e.g., from 
swimming to crawling), mechanical stimulation, operations (such as removal of all 
or part of the wings or brain), training, and genetic constitution. II. In the imme- 
diate environment: temperature, food supply, background, light intensity (both 
gradual and rapid) , wave length of li'ght, osmotic pressure, oxygen pressure, hydro- 
gen ion concentration, viscosity, and other changes produced by the addition of 
various inorganic and organic compounds. 

Of all these methods none is more important than the use of alterations in tem- 
perature to produce changes in the sign of the reaction. An increase in temperature 
makes some photopositive organisms n^ative and some, that are negative, positive, 
while a decrease in temperature makes some positive organisms n^;ative and some, 
that are negative, positive. 

The animals and plants used in previous studies on the effect of temperature on 
reversal in reaction to light are as follows; swann spores of Haematococcus, Uloth- 
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fM, and other algae (Strasburger, 1878); Euglena, Volvox, Spondylomonim, and 
other algae (Mast, 1911, 1918, 1927, 1932, 1936) ; the flagellate, Chromulina (Mas- 
sart, 1891) ; Rana clamata (Torelle, 1903) : Arenicola larvae (Kanda, 1919) ; Poly- 
qordnts larvae (Loeb, 1893, 1905, 1906, 1918) ; Lumhriciis and Eisenia (Prosser, 
1934; Mast, 1936) ; Cyclops, Cypris, and a water spider (Mast, 1911) ; certain ma- 
rine copepods (Loeb, 1893, 1905 ; Parker, 1901 ; Rose, 1929) ; Daphnia (Groom and 
Loeb, 1890; Loeb, 1906; Mast, 1911 ; Dice, 1914; Rose, 1929; Qarke, 1932) ; the 
copepod, Lepfodora (Siedentop, 1930); Artemia salina (Bujor, 1911); Bdlanus 
naiiplii (Groom and Loeb, 1890; Ewald, 1912 ; Rose, 1929) ; nauplii of the barnacle, 
Chtamalus (Rose, 1929); various amphipods (Phipps, 1915; Holmes, 1916); 
Ranatra (Holmes, 1905, 1916) ; Notonecfa (Essenberg, 1915) ; the Mayfly nymphs, 
Epeorus and Leptophlebia (Allee and Stein, 1918) ; the beetle, Anthrenns uiits- 
corum (Janda, 1931) ; Drosophila (Carpenter, 1908) ; mosquito larvae, Culex 
pipiens (Miller, 1940) ; the tsetse fly, Glossina morsifans, and the stable fly, Sfo- 
moxys calcitrans (Jack and Williams, 1937). 

The small number of species of insects tested furnishes no basis for Holmes’ 
statement (1916), ‘Tn the insects reversal of the positive reaction is rather 
uncommon.” 

Because nothing is known about the eflFect of age and sex on the temperature 
at which reversal occurs in any organism, and because nothing whatever is known 
about reversal in Eristalis tcnax, a study of reversal in reaction to light in this insect 
was made. For this work the drone fly proved as excellently adapted as it has for 
many other phases of physiological research. 

In this paper are presented the results of a study of the effect of sex and age on 
the temperature at which reversal of reaction to light occurs. Eristalis at ordinary 
temperatures is highly photopositive. Preliminary experiments showed that’ be- 
tween approximately 10°C and 30°C. the flies crawl or fly directly toward a source 
of light. Outside these limits they are highly negative, moving directly away from 
a source of light. Since it was found impractical to study in detail the behavior of 
these flies at low temperatures but comparatively easy at high temperatures, this 
paper deals almost entirely with the latter.* 

Materials and Methods 

The apparatus used (Fig. 1) consists of a box made of 6.3 mm. plywood 
(50 X 35 X 34 cm.). There are two main compartments, a light one, A, and a 
dark one, B, The light compartment is lined with white cardboard on the bottom, 
two sides and one end. The two compartments, 6.25 cm. deep, are separated by 
a wooden slide, a, painted white on the side toward the light compartment, which 
can be raised. Above the light compartment are two sliding glass panels, h, c, 6.3 
cm. apart. A thermometer, r is inserted through a hole, d at tlie level of the white 
floor, e. 

The dark compartment, B, has the same dimensions as the light compartment, 
but is lined with dull black cardboard and has a removable wooden cover, f, through 
the center of which a thermometer, g, is inserted. A glass window, h (3.8 X 12.5 
cm.) , covered by a removable shade on the outside, is at one end of this compartment. 

Below the detachable floors, i, j, of each compartment the construction is identi- 
cal, Five centimeters below these floors is a sheet of galvanized steel on which 
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rests a cardboard, k. Below the metal bottoms are two heat chambers, 12.5 cm. 
deep, C, D, lined with corrugated cardboard, I, and asbestos sheeting, m. The heat 
is supplied by tw’o 100-watt Mazda lamps, n, with constant voltage, each lamp being 
wired separately. 



Figure. 1. Sectional view of the apparatus used. See text. 


A 100- watt Mazda lamp, o, was suspended 81.25 cm. over the center of the white 
floor of the light compartment. The luminous intensity on this floor was 700 f.c., 
as recorded by a Weston exposure meter. 

In these experiments only flies of known age and sex were used. They were 
raised in the laboratory according to the methods previously described (Dolley et al., 
1937, p. 410) . The exact temperature at which the flies became negative to light 
and went into the dark chamber was ascertained for six groups of flies whose sex 
and age are as follows : 

1. Young males, 5-16 days. 

2. Young females, 5-16 days. 

3. Middle-aged males, 28-36 days. 

4. Middle-aged females, 28-36 days. 

5. Old males, 48-77 days. 

6. Old females, 48-77 days. 

Two hundred and seventy observations were made on members of each of these 
groups. No more than three were made on an individual insect and at least twenty- 
four hours elapsed between successive observations on the same fly. 
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All experiments were performed in a dark room. A typical experiment was 
made as follows : The temperature in the dark compartment was raised to between 
35° C. and 37° C., that in the light compartment was raised to 28° C. Throughout 
the experiment the temperature in the dark compartment was seven to nine degrees 
higher than that in the light compartment. Ten to fifteen flies of the same age and 
sex, and with undipped wings, were placed in the light compartment by sliding back 
the glass plates, b, c. These plates were replaced ; the heating unit under the light 
chamber was turned on; and the center slide, a, was raised, making an opening 
(18 X 4 cm.) connecting the two chambers. A, B. 

As the temperature in the light chamber rose the flies became restless, crawling 
and flying about. Soon individuals moved out of the light into the darkness of the 
dark chamber. A fly was considered to have reversed when it had passed com- 
pletely beyond the center ridge, p. When this occurred the investigator recorded 
the temperature in the light compartment. The flies followed one another, and one 
by one entered the dark compartment. Frequently a fly returned to the light com- 
partment after a few minutes in the dark, and then after a few seconds returned 
again to the dark compartment. Sometimes a given fly made three or four such 
successive reversals. The temperature at which the final reversal of a given fly took 
place was recorded and considered one observation. After approximately twenty- 
five minutes all the flies had reversed and entered the dark compartment. The 
organisms were then removed and those that had survived were placed in a cage 
with food and water. They were used for a maximum of two other experiments 
similar to that described above. An interval of at least twenty-four hours elapsed 
between successive tests on the same flies. About twenty-five per cent of the insects 
used in a given experiment did not survive their exposure to the high temperature 
of the dark compartment. 

Results 

The results obtained are given in Figure 2 and Table I. As is shown in this 
table, the mean temperatures in degrees centigrade at which the flies reversed are as 
follows: old males, 33.18^0.09; old females, 33.822 =±: 0.091 ; middle-aged, males, 
34.450 db 0.088 ; middle-aged females, 35.06 =i= 0.11 ; young males, 35.500 =<= 0.099 ; 
young females, 36.106 =i= 0.082. The standard deviations (Table I) are as follows : 
old males, 1.485=1=0.064; old females, 1.489=1=0.064; middle-aged males, 1.440 
=1=0.062; middle-aged females, 1.742 =±: 0.075; young males, 1.623 =t 0.070; young 
females, 1.318=1=0.057. 

Are the diflFerences between the mean temperatures just given at which the two 
sexes reversed significant? According to Pearl (1940, p. 287), “the odds are 
369.4 to 1 against the occurrence of a deviation in either the plus or minus direction 
as great or greater than 3 X S.E. These are long odds, and are conventionally re- 
garded as amounting to practical certainty.” 

The differences between the means of the two sexes of the old, middle-aged and 
young flies are, respectively, 5 +, 4 -f , and 4 + times the standard errors of the 
differences. This means tliat the odds against the occurrence from chance of these 
differences are, respectively, over 1,744,000; 15,770; and 15,770 to 1. It is evident 
that the differences between the means of the sexes in the above three age groups 
are clearly significant. Consequently, it is obvious that in each group the female 
flies reversed at a higher temperature than the male flies. 
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Age also has a definite effect on the temperature of reversal. This is shown 
when the observations on the individuals, both males and females, of the same age, 
are put together, as is done in Figure 2 and the lower portion of Table 1. It is clear 
from this figure and table that the mean temperatures at which the old, middle-aged 
and young flies reversed are: 33.50=1=0.07, 34.781 =i= 0.071, and 35.786 =fc 0.064, 
respectively. The differences between the means of the old and middle-aged, the 
old and young, and the middle-aged and young flies are, respectively, 12 +,22-1-, 
and 10 + times the standard errors of the differences. Consequently, age is an 
important factor in determining the temperature at which Eristalis changes its re- 
action to light. The younger the fly, the higher the temperature at which reversal 
occurs. 


Table 1 

The effect of sex and age on the temperature at which reversal in reaction 
to light in Eristalis occurs. See text 


Age 

Sex 

Mean temperature in degrees 
centigrade =b standard 
error 

Standard deviation 
± standard error 


male 

33.18 ±0.09 

1.485 ± 0.064 

Old 

female 

33.822 ± 0.091 

1.489 ± 0.064 


male 

34.450 ± 0.088 

1.440 ± 0.062 

Middle-aged 

female 

35.06 ±0.11 

1.742 ± 0.075 


male 

35.500 ± 0.099 

1.623 ± 0.070 

Young 

female 

36.106 ± 0.082 

1.318 ± 0.057 

Old 

33.50 ± 0.07 

1.522 ± 0.046 

Middle-aged 

34.781 ± 0.071 

1.652 ± 0.050 

Young 

35.786 ± 0.064 

1.477 ± 0.045 


It is patent that in the young flies the females with a standard deviation of 
1.318 =1= 0.057 showed less variation than did tlie males with a standard deviation of 
1.623=1=0.070; that in the middle-aged series the females showed greater variation 
than the males ; that in the old flies the variation in the two sexes was about the 
same ; and that between the three groups of different ages, each being composed of 
flies of both sexes, the young flies showed the least variation. The significance of 
the differences given above is not at present known, but it is true that the young 
flies were a more homogeneous group so far as age is concerned than were the old 
flies. The maximum difference in age between the members of the young series 
was eleven days, while the maximum difference in age between the members of 
the old series was twenty-eight days, a long period of time in comparison with tlie 
duration of life of Eristalis. 

The reversals described above are unquestionably reversals to light and not to 
heat energy. The flies in going from the light compartment into the dark compart- 
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nient were not going from a region of high temperature to one of lower heat energy. 
The reading on the thermometer (Fig. 1, r) in the light compartment was compared 
with that of a black bulb thermometer made by coating a thermometer with lamp 
black. During the experiments the temperature as recorded by the latter was only 
1.5 degrees higher than that recorded by the one used. Consequently, even if the 
flies had absorbed as much heat energy as did the black iDulb thermometer, still the 
effective temperature in the dark compartment would have been from 5.5 to 7.5 de- 
grees higher than that in the light compartment. 



T«mperature degrees C 

FiGi RK. 2. Histogram showing the effect of age upon the temperature at which reversal in 
reaction to light in Hristalis occurs. Note that the means of the reversals for the older flies are 
at lower temperatures than are the means for the younger ones. See Table I. 

Discussion 

The results presented in this paper show that the temperature at which Erisfalis 
reverses in its reaction to light is not correlated specifically with either a decrease 
or ah increase in heat energy for it can be caused by both. Reversal in sign of re- 
action occurs both when the temperature is raised above a certain point and when 
it is lowered below approximately lO^C., as stated previously. 

This conclusion is in harmony with the following: 1. Mast’s contentions (1918) 
that a decrease in heat energy and an increase in light energy produce similar effects 
in photopositive euglenae and other algae, and (1936) that reversal in Volvox and 
Euglena is due to “intenial changes” and “is not specifically correlated with the 
immediate environment” ; 2. the conclusion of Phipps (1915) that reversal in certain 
amphipods is associated with changes in their “physiological states”; 3. that of 
Wdsh (1930) that reversal in the water mite, Unionicola, “is probably a central 
nervous phenomenon” ; 4. that of Washburn (1936, p. 208) that the “complex influ- 
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ence of external and internal conditions on phototropism*’ . . . ‘'is based on innate 
factors”; 5. that of Allee and Stein (1918) that reversal in reaction to light in cer- 
tain Mayfly nymphs is associated with either increase or decrease in metabolic rate ; 
and 6. those of Jack and Williams (1937) that if the temperature is raised suffi- 
ciently high the normally photopositive reactions of the tsetse fly, Glossina morsitafis, 
and the stable fly, Stomoxys calcitrans, become reversed, and that "the temperature 
at which the negative reaction develops appears to depend somewhat upon the flies’ 
physiological conditions.” 

The conclusion stated above is not in harmony with the following: 1. Daven- 
port’s contention ( 1908, p. 200) that a "Diminution of temperature below the normal 
causes reversal of the normal response, elevation of the temperature to near the 
maximum accelerates the normal response”; 2. Maier and Schnierla’s conclusion 
(1935) that the sign of the reaction to light in an organism "depends upon the char- 
acteristic metabolic condition of its species”; and 3. that of Holmes (1905) for 
Ranatra that any condition causing an increase in activity accentuates positive re- 
actions and any quieting conditions make them negative. 

The results presented in this paper show also that the temperature at which 
reversal occurs in Eristalis depends upon the resistance of the organism to the in- 
jurious effects of temperatures above and below the normal. The nature of this 
resistance is as yet unknown. Old flies are less able to endure the effects of ab- 
normal temperatures than are young ones. Since the temperature at which reversal 
occurs in a given intensity of light is lower in old than in young flies, and in males 
than in females, it is probable that females are more resistant to the effects of tem- 
peratures outside the normal range than are males. This conclusion is confirmed 
by the results of work now in progress. 

Reversal in response to light in Eristalis produced by changes in temperature is 
probably due to a different mechanism from that involved in the reversals occurring 
in normal development, which are doubtless associated with the development or 
degeneration of photosensory or other organs. As stated previously (Dolley and 
Haines, 1930), Eristalis larvae are highly positive to light for the first few hours 
after hatching. They then become negative to light and remain so until they pupate. 
The imagos are at first negative but soon become positive at ordinary temperatures, 
and remain so throughout their lives. Similar phenomena have been described for 
blowflies (Herms, 1911; Grovss, 1913; Patten, 1916), Amaroucium larvae (Grave, 
1920; Mast, 1921), and for other organisms. According to Pause (1918) Qiirono- 
mus larvae are positive until they have formed haemoglobin when they become 
negative. 

Summary 

1. Over 1,620 observations were made on over 1,000 flies in ascertaining the tem- 
perature at which Eristalis tenax becomes negative to light. 

2. In a luminous intensity of 700-foot candles Eristalis is highly photopositive 
within a temperature range between approximately 10° and 30° C. Outside these 
limits it is highly negative. Reversal of the photopositive reaction can be produced 
either by increase or decrease of the temperature. 

3. In high temperatures the temperature at which Eristalis changes in its reaction 
to light depends on the sex of the flies. Females cease their positive reaction to 
light and become negative at a higher temperature than do males. 
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4. In high temperatures the temperature at which Eristalis changes in its reaction 
to light depends also on the age of the flies. The younger the fly, the higher the 
temperature at which it ceases its positive reaction to light and becomes negative. 
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OBSERVATIONS ON THE REPRODUCTION OF THE SPINY 
DOGFISH, SQUALUS ACANTHIAS * 

FREDERICK L HISAW AND A. ALBERT 
Biological Laboratories, Hartford University Cambridge, Massachusetts 

The elasmobranch fishes oifer an exceptional opportunity for studies of the 
physiology of reproduction. Within this old and diversified group of vertebrates 
many species are oviparous, others are ovoviviparous, and some are viviparous, thus 
indicating various degrees of physiological dependence of the young on the parent. 
Ranzi and his collaborators have made comparative studies of several representative 
species and their results and the observations of other workers have been presented 
in several reviews (see Needham, 1942, for discussion and references). 

Our observations were made on two species of dogfish, Sqmlns acanfhias (spiny 
dogfish) and Mustelus cams (smooth dogfish), common in the vicinity of Woods 
Hole, Massachusetts. The spiny dogfish is ovoviviparous and maintains its young 
free in the uterus while the smooth dogfish is viviparous and has young whose yolk 
sacs are modified into placental structures that are firmly attached to the uterine 
endometrium during the last two-thirds of pregnancy. Our chief interest was a 
study of the endocrines that might be associated with gestation in these two species of 
dogfish. This approach was quite different from the investigations of Ranzi and 
others which were primarily concerned with foetal nutrition. However, it was 
found that Squahts acanthias was not suitable for our experimental purposes. They 
could not withstand necessary surgical procedures nor could they live for long pe- 
riods though kept in large, outdoor live-cars. Consequently, the results of our 
studies on Squalus acanthias were mostly observational. These are reported here 
while the results of our experiments on Mustelus canis will be published separately. 

General Observations on the Reproductive Cycle 

The different times at which 5. acanfhias is present at various points along the 
Atlantic coast indicate that it migrates northward in the spring and southward in 
the fall. It appears in Buzzards Bay and Vineyard Sound in late April or early 
May. It becomes very abundant during May but declines in number by the end of 
the month and is caught only infrequently toward the close of June. Correlated 
with its disappearance from the vicinity of Woods Hole is its arrival at successive 
points farther north, reaching the coastal waters of Newfoundland the last of June 
or early July. The migration southward apparently begins in September and spiny 
dogfish are again caught in large quantities by fishermen at Woods Hole in October 
and November as they pass by Cape Cod. 

Our studies are based on animals obtained during the spring and fall migration, 
a period of about six months. Consequently we can only infer what changes might 

♦This work was assisted by a grant from the Permanent Science Fund of The American 
Academy of Arts and Sciences. 
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have occurred in the reproductive system during the winter and very early spring. 
However, we have examined several hundred spiny dogfish since our investigations 
were started in 1936 and believe that we have a fairly accurate account of the re- 
productive cycle and duration of pregnancy. Some of our observations are cor- 
roborations of certain details of the reproductive cycle well known to fishermen and 
collectors at Woods Hole, while others confirm the results of similar studies on 
Squaliis acaiitJiias by Hickling (1930) and Templeman (1944) in Newfoundland, 
and by Ford (1921), Ranzi (1934) and Popovici (1938) on Acanthias vulgaris as 
found in the English Channel, Mediterranian Sea, and Black Sea. 

Most of this work was done at the Oceanographic Institution in Woods Hole and 
we wish to express our sincere thanks for generous laboratory accommodations. 
We also are indebted to Dr. H. B. Bigelow and Dr. W. C. Schroeder for many help- 
ful suggestions and to Mr. James Meinnis of the Marine Biological Laborator}% 
Supply Department, who made it possible for us to examine many hundreds of dog- 
fish. 

Uterine Young 

The sexually mature females, when they arrive at Woods Hole during May, can 
be divided into two distinct groups depending on the stage of development of their 
embryos. For convenience we can designate these two periods of gestation as 
Stage A and Stage C (Fig. 1). Those females belonging to Stage A have ovulated 
recently while those of Stage C have foetuses 12 to 20 cm. in length. Females that 
are 80 cm. to a meter or more in length are pregnant almost without exception and 
all are invariably in either Stage A or Stage C of gestation. The pregnant females 
are not always equally divided between these two stages. In 1937 they were about 
equal but in 1938 there were about four in Stage A to one in Stage C. 

The uterine ova of animals in Stage A are enclosed in a membranous envelope 
forming a structure commonly called a ‘‘candle.'' There is usually a candle in both 
the right and left horn of the uterus and each contains one to four ova. The average 
wet weight of 26 candles containing one to 4 ova (total of 65 ova) w^as 46.2 grams 
per ovum. The development of the embryos is about the same, each ovum having 
a blastoderm somewhat comparable to that of a hen’s ovum at about 16 to 20 hours 
incubation. 

The pups of Stage C have large pendent yolk sacs and are free in the uterine 
lumen. The range of variation in length is considerable (12 cm. to 20 cm.) and also 
there is a great diflference in the size of the yolk sac, even among pups of the same 
length. Consequently there is a wide variation in the combined weights of the pups 
plus their yolk sacs ranging between 30 to 60 grams wet weight. 

When the dogfish return to the vicinity of Cape Cod in October and November, 
the adult females again can be divided into two groups depending upon the condition 
of pregnancy. These two groups have been designated as Stage B and Stage D 
(Fig. 1). The ova of Stage B, though much further developed than those of Stage 
A, are yet enclosed in the candle membrane. The embryos are from 3.5 to 7.5 an. 
long and are connected by an umbilical stalk about one inch in length to a large yolk 
sac about the size of the original ovum. The average wet weight of the embryo plus 
the yolk sac is about 40 grams. 

Some of the females of the other group. Stage D, have given birth and conse- 
quently their uteri are empty while those that have not given birth have large pups 
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that are 23 to 29 cni. in length. The yolk sac of some of these pups has been with- 
drawn into the body and the umbilicus is yet open while in others it is yet present 
though greatly reduced. The wet weight of such pups varies between SS and 85 
grams. 

These four groups of uterine young obviously represent four different stages 
of gestation. When arranged in order of degree of development, which also agrees 
with the sequence of time, it readily is seen that the period of gestation is surprisingly 
long. 


Ovarian Ova 

When the ovaries of pregnant spiny dogfish representing the four stages of 
gestation are compared, they too show four corresponding stages in the development 
of the ovarian ova (Fig. 1). The early development of the embryos of animals 
of Stage A indicates that ovulation has occurred quite recently and consequently 
large ovarian ova are absent. Instead, there are numerous, usually 50 or more, 
small marble-white follicles the size of peas that contain ova usually weighing less 
than one gram. The embryos of Stage B are more advanced and likewise the 
ovarian ova. The largest eggs in the ovary are about the size of Concord grapes 
and liave begun to take on a yellowish color due to the storage of yellow yolk. 

The ovaries of Stage C females contain developing ova each of which usually 
weighs about 9 grams wet weight (variation 4 to 15 grams, average for 264 eggs, 9.1 
grams). There are usually two or three such ova in each ovary, the total number 
never exceeding eight or nine, and they are not necessarily divided equally between 
the right and left side. They represent the next generation of ova that will be 
ovulated after the termination of the existing pregnancy and their average number 
is in close agreement with the average number of young found at one time in the 
uterus. 

The average number of large ovarian ova for Stage D is about the same as that 
for Stage C but the eggs are considerably larger, being about 3 cm. in diameter and 
w'eighing between 30 and 40 grams. These weights are from two-thirds to three- 
fourths that of the candle ova of Stage A and strongly suggest that the eggs of the 
spiny dogfish at the time of ovulation probably average close to 50 grams. The fish of 
Stage D are seen at Woods Hole in October and November and the difference between 
the weight of the ovarian ova at that time and the ova in the candles of Stage A 
should give a fairly accurate estimation of the weight of the egg at ovulation, which 
probably occurs in February or March. 

Thus it is seen that the ovaries of the four different groups show a progressive 
development of ovarian ova. Those of Stage A are small and numerous while in 
the succeeding three stages of gestation there is an increase in size and a decrease 
in number. It is, of course, quite common among the vertebrates for many small 
Graafian follicles to start developing even though only a very few ova are ovulated. 
In the dogfish as elsewhere the decrease in number of follicles is brought about by 
atresia. Most of such elimination must occur before Stage C, as we did not see 
large follicles that were undergoing atresia in either Stage C or D, Nor did we 
find large follicles in Stage A that had failed to ovulate and consequently were being 
resorbed. 
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Corpora Lutea 

One of the interesting features associated with gestation in the dogfish is the 
fonnation of corpora lutea in the ruptured follicles following ovulation. Aside 
from the question of their physiological importance, the corpora lutea are useful in 
determining the time sequence of pregnancy as they undergo definite morphological 
changes as gestation proceeds. 

The nunil)er of corjDora lutea in the right and left ovary varies considerably. 
There may be six corpora in one ovary and none in the other or their distribution 
may be 4 and 4, 2 and 6, 3 and 3, 1 and 4, 2 and 4, etc. There is almost always an 
exact correlation between the number of corpora lutea and the number of embryos 
in the uterus. However, there is no correlation whatever between the number of 
corpora in any ovary and the number of embiy^os in the corresponding uterine horn 
on that side. The number of embryos in the candles of the right and left horns of 
the uterus tend to be evenly divided regardless of the unequal distribution of the 
corpora lutea between the ovaries. It seems that at ovulation an ovum may enter 
either horn of the uterus in a way probably similar to that described by Metten 
(1939) for ScyUiorhymis canicula. However, in 5*. acanthias Templeman (1944) 
found, from a statistical study of several hundred animals that the number of young 
tends to be greater in the right uterus than in the left. 

The corpora lutea of Stage A (Figs. 1, 2, 3) are large wrinkled sac-like struc- 
tures 2 cm. or more across at the greatest diameter. Each is surrounded by a broad 
tissue space containing a clear fluid and consequently can be separated easily from 
the ovarian stroma and removed. Histological examination of such corpora shows 
a remarkable modification of the follicular wall which is thrown up in tall folds and 
drawn out in long lacy extensions into the follicular cavity. The luteal tissue seems 
to be derived entirely from the follicular granulosa. 

The cells of the young corpus luteuin first become very tall and have large vacu- 
oles and irregular external cell borders (Fig. 2). They apparently have the ability 
to take up solid particles from the cavity of the ruptured follicle as occasionally a 
yolk granule is found in such cells. The ingestion of yolk by luteal cells is a com- 
mon observation in the smooth dogfish and especially is this so during atresia of 
large follicles. Such activity of the corpus luteum will be described more fully in a 
sul)se([ucnt repoi*t on the smooth dogfish. 

The cells of the theca interna that are taken into the folds of the developing 
ccjrpus do not take on a glandular appearance but contribute to the thin connective 
tissue framework that supports a rather generous supply of blood vessels. Cells 
derived from the granulosa are sharply separated from the underlying connective 
tissue structures. 

There is considerable variation in the appearance of the granulosa-luteal cells of 
the corpora lutea of Stage A which seems to be correlated with age. The first re- 
actions of the granulosa following rupture of the follicle and ovulation result in the 
development of the structure just described (Fig. 2). Other cori^ora are found, in 
animals of this stage, that seem to be older (Fig. 3). These are somewhat smaller 
and their walls thicker. The luteal cells have lost considerable vacuolation and are 
more tightly j^ressed into a folded epithelial-like lining of the luteal cavity. 

Females witli candle embryos taken in October and November, Stage B, have 
corpora lutea that are definitely older than those found in Stage A, This difference 
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in age is shown by a decrease in size of the luteal body and a reduction in size of the 
luteal cells which now have irregular shaped nuclei (Fig. 4). Also, those cells that 
lie next to the luteal cavity have become loosened and scattered through the luminal 
fluid, while the connective tissue of the folds has been modified into very conspicuous 
membranous partitions. 

The corpora lutea of Stage C are smaller than those of Stage B and the luteal 
tissue is undergoing degeneration as shown by vacuolation and disintegration of 
the cells (Fig. 5). These changes must progress very slowly as the luteal bodies 



2. Corpus liilcum of Stage A slio>\ing changes that take place in the granulosa soon 
after ovulation. X 100. 

can yet be distinguished in Stage C where they have been reduced to small yellow 
structures only 3 or 4 mm. in diameter. The luteal cells of these structures have 
lost most of their c 3 d:oplasm and about all that remains are small cells with piciiotic 
nuclei scattered through the shrunken connective tissue framework of the original 
corpus luteum. 

In Stage D very small, compact, yellow masses of tissue can be found that seem 
to be all that remains of tlie luteal bodies. Histologically, they are composed of 
small cells of irregular shapes with little cytoplasm and dense nuclei loosely dis- 
tributed in the connective tissue skeleton of the old corjnis luteum (Fig. 6). 

These observations indicate that the corpora lutea in the spiny dogfish remain 
in the ovary for the better part of two years and during this time they undergo a 
progressive decrease in size and histological degeneration. 




Figure 3. Corpus lutcum of Stage A somewhat older than that shown in Figure 2. The 
granulosa luteal cells have lost their vacuoles, decreased in size and become organized into a 
folded multi-layered lining of the follicular cavity. X 100. 

Figure 4. Corpus luteum of Stage B. The corpus lutcum has decreased in size by at least 
one-half, and consequently the folds are more compressed. The luteal tissue is degenerating as 
indicated by a general decrease in size of the cells, small irregularly shaped nuclei and fraying 
with release of cells into the lumen. 

The connective tissue inclusions between the folded granulosa luteal cells of the corpus luteum 
can be seen distinctly. X 100. 

Fi(,iirj 5. Corpus luteum of Stage C. Such corpora are about one year old and show 
advanced degenerative changes. X 100. 

Figure 6 . Corpus luteum of Stage D. Corpora of*this stage are 18 to 20 months old and 
are reduced to small, yellow, compact bodies 2 to 3 mm. in diameter. X 100. 
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Nutrition of the Embryo 

The cmbiyos of Squahts acaufhias develop free in the uterine lumen and possess 
no obviously specialized structures for obtaining nutritive materials from the uterine 
endometrium. Judging from their morphology they meet the requirements of a 
typical case of ovoviviparity. This and their extraordinarily long period of gesta- 
tion of almost two years aroused interest in the problem of dependence or lack of 
dependence of the embryo on the parent as .a source of nutrition. Consequently, 
representative material was collected from animals in the four stages of pregnancy 
we have described (Fig. 1) and data obtained on wet weight, dry weight, percentage 
of water and ash content. We have already mentioned the rather wide variations 
in size and weight of both ova and embryos so it is quite possible that our data are 
not sufficient in range and numbers to be considered as exact for the four 'stages of 
development represented, hut we believe they show at least the general situation. 

The ova of Stage A are surrounded by the thin membrane of the candle and, as 
they usually burst when this envelop is opened, it is extremely difficult to obtain 
weights of individual ova. Consequently, the whole candle was weighed, the small 
amount of fluid beneath the membrane at each end was withdrawn as completely as 
possible and the ova released into a dish by rupturing the envelop. After deducting 
the weight of the fluid and membrane the average weight of the ova was determined. 
Twenty-six candles, each containing one to four ova, when treated in this way gave 
an average weight of 46,2 grams per ovum. Seven ova, representing the upper limit 
of variation in weight, taken from two candles (3 in one and 4 in the other) of a 
large fish averaged 58,67 grams. This material was used for making the analyses 
shown in Figure 1. 

In the study of Stage B an attempt was made to select embryos from the two 
extremes in the variation of development. At first, separate determinations were 
made for the embryo and yolk sac but for the smaller embryos the water content 
was so high and tlie amount of solids so small that it was thought a combined analy- 
sis would be better for the rather general purpose in mind. Such embryos are 
about 3.5 cm. long, weight 0.259 gm., and are 90 per cent water. 

The pups of Stage C vary between 12 and 20 cm. in length, and they have yolk- 
sacs of wddely different sizes. From the standpoint of selecting material for analy- 
ses, this is complicated further l)y the fact that pups of the same length may have 
yolk sacs so different that one may be three times the weight of the other. Conse- 
cpiently, young that seemed to be in general representative samples of the upper and 
lower range in length were used for making the determinations shown in Figure 1. 

Three small pups 12.5, 13, and 13.5 cm. long having an average wet weight of 
11.05 gm. and dry weight of 2.25 gm. had an average total ash of 0.153 gm. Their 
yolk sacs averaged 21.0 gm. wet weight, 12.7 gm. dry weight and had an average 
ash content of 0.275 gm. The average combined ash of yolk sac and pup was 0.428 
gm. A large pup 20.2 cm. long weighing 25.4 gm. wet weight, 5.8 gm. dry weight 
had an ash content of 0.122 gm. Its yolk sac weighed 35.1 gm. wet weight, 20.5 dry 
weight and had 0.331 gm. of ash. The combined weight of ash for the pup and yolk 
sac was 0.453 gm. A pup of about the same length (19 cm.) and weight (25.6 gm. 
wet weighty 5.45 gm. dry weight) but with a yolk sac only about half as large (15.8 
gm. wet weight, 7.21 dry weight)* had a combined ash content of 0.236 gm. (pup 
0.114 gm., yolk sac 0.122 gm.). 
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These results have several points of interest. First the total ash of the young 
of this stage is not much different from that of Stage B although it is divided be- 
tween the yolk sac and pup. Also the amount of ash is less than that found for the 
ova of Stage A, Another result that seems remarkable and is not understood is the 
relatively high ash content of the small pups. 

The material used for the study of Stage D consisted of two large pups. The 
largest was 29 cm. long, weighed 84 gm. wet weight, 25.2 gm. dry weight, and had 
a total ash of 0.530 gm. The yolk sac was completely absorbed but the umbilicus 
Vas yet open (Fig. 1). The other was 24.5 cm. in length, weighed 55.5 gm. wet 
weight, 15.1 gm. dry weight and had a total ash of 0.3169 gm. This fish had a small 
yolk sac about 2 cm. in diameter (Fig. 1). 

It seems obvious that the large pup was about ready to be born and equally 
obvious that the smaller pup never could have attained the size of the larger before 
parturition. Therefore there must be a wide difference in both length and weight 
of tlie young at birth. However, similar variations were found in all of the four 
stages of gestation that were studied, and these observations are in agreement with 
those made by Templeman. It seems reasonable to suspect that the size of a pup 
at birth may be correlated with the size of the ovum from which it came. If we 
make tliis assumption, then in our analyses, the large pups should be compared with 
the large ova and the small pups with the small ova. If the results for total ash 
are compared on this basis it is at once clear that the ash of the ovum exceeds that 
of the pup. 

Therefore, it appears that the developing young of the spiny dogfish need not 
depend on the parent for inorganic matter. However, the presence of more in- 
organic matter in the egg than in the young at term does not preclude the possi- 
bility of a differential loss and absorption of mineral salts. Determination of the 
components of the ash would be helpful in answering this question but probably 
would not be conclusive. 

Our data also indicate a loss of organic matter during development and an in- 
crease in water. When the ova of Stage A are compared with the mature pups of 
Stage D it is seen that the dry weight of the small ovum is 8.1 grams heavier than 
that of the small pup and the difference between the dry weights of the large ovum 
and large pup is 6.31 grams. The small pups also show a 75 per cent gain in water 
and the large pups a gain of 85.8 per cent. 

These data were obtained from a few selected samples that we tliought were 
representative of the four stages of gestation as seen at Woods Hole, Massachusetts. 
Therefore they should not be considered as being quantitatively exact but rather as 
showing the general trend of events taking place during development. It is defi- 
nitely certain that the developing young obtain water from the parent, but whether 
they are entirely independent witli r^ard to organic and inorganic nutrients is yet a 
question. However, these observations indicate that gestation in Squalus acmthias 
goes on under ovoviviparous conditions. 

Discussion 

Thus it is seen that the mature females caught at Woods Hole in the spring and 
fall are carrying young, almost without exception, and that they can be divided into 
four distinct groups on the basis of foetal development, size of ovarian ova and condi- 
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tion of the corpora lutea. These groups are so characteristic that no overlapping 
was found in the examination of several hundred fish. In fact it is extremely simple 
to determine the group to which a fish belongs by the gross appearance of the ovaries 
and uterine young. 

It seems unmistakable that these four groups represent four stages of a gestation 
that extend over the better part of two years, probably 20 to 22 months. It is true 
that at present we can only surmise what takes place during the six months from 
November until May while the fish are on their southern migration. However, our 
records are fairly complete for the period between late April and November while 
these fish are in the w^aters along the New England coast. 

When the fish arrive at Woods Hole in late April and May the embryos 'of the 
candle ova are small blastoderms and, judging by the slow rate of development, 
ovulation probably occurs in February or March. It is assumed that these fish 
(Stage A) as seen in April and May, are the same as those having candles in No- 
vember (Stage B). Therefore, the difference between Stage A and Stage B repre- 
sents the development that occurs in about the first six months of gestation, most 
of which is spent between Cape Cod and Newfoundland. 

We also think that the fish in Stage B are those which, after their southern mi- 
gration during the winter, return to Cape Cod the following May as fish in Stage C. 
During this period of about six months the uterine young increases in length from 
embryos of 3.5 to 7,5 cm. to pups of 12 to 20 cm. 

These fish of Stage C, when next seen at Woods Hole in October and November, 
are in Stage D of gestation and a few have given birth to their young. The uterine 
young vary in length from about 24 to 29 cm. In some the yolk sacs are entirely 
withdrawn into the body while in others they are yet present but reduced to about 
2 cm. in diameter. The indications are that the majority of births occur in late 
fall somewhere south of Woods Hole and that the pups are about 25 to 30 cm. in 
length when boni. 

Thus it seems that the only plausible explanation for these observations is that 
the spiny dogfish gives birth to young every other summer she visits the New Eng- 
land coast, and ovulates every other spring shortly before or soon after she starts 
on her northern migration. Furthermore, the female population is composed of 
two groups w^huse reproductive cycles are separated by al)out one year, and the 
four stages of gestation represent periods of approximately six months. Thus, each 
spring at Woods Hole the population includes only Stages A and C and in the fall 
only Stages B and D, 

Our knowledge of the seasonal migration of S. acanthias, though fragmentary, 
tends to support the points just made concerning the relationships of the develop- 
ment of uterine young. Where the spiny dogfish spends the winter is a question 
that has not been answered but it is probably in deep water off the coast in the lati- 
tude of North Carolina. From there, judging from the observations of Bigelow 
and Welsh (1924), they arrive each spring in April almost simultaneously along 
the coast from Cape Lookout to Long Island. They usually appear at Woods Hole 
the last week of April or the first of May and are also found at about this season 
on Georges Bank. There seems to be a general migration northward from these 
points. Spiny dogfish do not appear in Massachusetts Bay before May, and Tem- 
pleman (1944) reports their arrival along the coast of southern Newfoundland by 
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the middle of June and northern Newfoundland and Labrador by the second week 
of July. 

Newfoundland and the southeastern coast of Labrador is the northern limit of 
migration. An additional point of interest is that by the time they become abundant 
in these waters they have almost entirely disappeared from around Cape Cod and 
points farther south. However, in Newfoundland, they arrive in June, become 
abundant in July and remain so until September or October. In contrast with this, 
they visit Woods Hole twice a year, in the spring and fall. Therefore, during their 
summer migration, which covers a period of about six months, approximately half 
of the time is spent in the general vicinity of Newfoundland. Judging from the 
observations made by Templeman the adult females are the first to arrive in the 
spring and apparently are the first to start south in the fall. In late November most 
of those caught were mature males, and immature males and females while only a 
few mature females were taken. 

If the spiny dogfish make this round trip annually from their winter quarters, it 
is obvious that they must be capable of swimming great distances in a surprisingly 
short time. That they can do this is indicated also by Templeman’s studies. He 
tagged 279 dogfish, mostly adult females, in the vicinity of St. John^s Newfoundland 
between July 9th and 23rd and several were caught elsewhere in the same year. 
One of these, an adult female, was taken 132 days later close to Thatcher’s Island 
Buoy, about 1,000 miles from the point where it was tagged. To travel such a dis- 
tance this fish would have to average something like 7.6 miles per day even if it 
swam in a straight line which it is reasonable to believe it did not do. Thus it seems 
that at least the adult females are capable of covering what we believe is their migra- 
tory route. 

A rather interesting deduction concerning migration also can be made by com- 
paring the constitution of the population of spiny dogfish in Newfoundland and 
Woods Hole, Templeman states that the smallest dogfish caught was 58 ctn. in 
length. At ^^’'oods Hole, small dogfish 40 to 50 cm. in length make up a consider- 
able part of the general population. This indicates that these small fish, probably 
yearlings, do not reach the northern limit of the migratory range. 

Certain differences in the stages of development of candle embryos and large 
uterine young of the fish examined by Templeman and ourselves also seem significant 
for determining migration. However, exact comparisons cannot be made as we did 
not make a large number of measurements that can be subjected to statistical treat- 
ment, but it is important to note extremes in size of candle embryos and large uter- 
ine young. The embryos of Stage A taken at Woods Hole in May were yet only 
blastodennic discs with an occasional exception in which a very small embryo could 
be seen. Of 139 comparable fish taken in Newfoundland in July, 104 had ^gs show- 
ing blastodermic discs while the others had small embryos, the largest found in two 
animals being 1 .8 and 2.0 cm. respectively. No embryos comparable to these largest 
ones have been seen at Woods Hole in May, and the fact that the great majority were 
yet blastodermic discs in July indicates that the rate oi development is slow. How- 
ever, in August, Templeman found only one fish in a group of 42 with eggs having 
blastodermic discs. 

During the summer in Newfoundland growth of these candle embryos proceeds 
until by October and November they are from 2 to 4 cm. in length. However, by 
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the first of October most of the large females have left Newfoundland and it is of 
interest that at this time they become abundant around Cape Cod and constitute the 
group we have designated as being in Stage B of gestation. Templeman’s data 
based on measurements of the embryos of nine fish during October and November 
fall well within the range of those for our Stage B. The only exceptibn being that 
we found some embryos that were about 8 cm. in length but at the same time we had 
an opportunity to examine a much larger number. 

Dogfish with pups having large yolk sacs (Stage C) taken at Woods Hole in 
May are comparable with those caught in Newfoundland in July. The length of the 
pups in Newfoundland varied from 12 to 18 cm. (average 15.59 cm,). A few at 
Woods Hole were 20 cm. in length, but this is probably an unimportant variation. 
There is also considerable variation in the size of the yolk sac. These differences 
in length and size of yolk sac, it seems, do not indicate necessarily a corresponding 
difference in age but rather is correlated with the size of the ovum at ovulation. 

Such young, during the stay of the parent in Newfoundland from July to 
November, grew in length from an average of 15.59 cm. to 21.43 cm. The average 
length of the young in November is essentially the same as that for similar young 
taken at Woods Hole during the same month. However, there were certain inter- 
esting exceptions. The largest pups among those measured by Templeman were 
25.5 cm. in length, while our largest measured 29.00 cm. The yolk sacs of these 
large pups had been absorbed almost completely while those of others somewhat 
smaller were reduced in diameter to about 1.75 to 2.0 cm. There were also a few 
large females with empty uteri. The large ovarian ova and uteri of these animals 
indicated that they had given birth to their young just recently. It seems probable 
that the great majority of births occur at a later time somewhere south of Woods 
Hole, but in a few instances young are released during the fall migration southward. 

* Conclusions 

The spiny dogfish, Squalus acantinas, of the Atlantic coast migrate northward 
in the spring and southward in the fall. They are present at Woods Hole. Massa- 
chusetts, from late April to early June and again in October and November. The 
adult females when they appear in the spring, have uterine young which are either 
early embryos enclosed in membranous capsules (‘‘candles'') or more advanced 
“pups” 12 to 20 cm. in length, with large pendent yolk sacs, and free in the uterine 
lumen. Adult females, when seen in the fall, have candle embiyos 3.5 to 7.5 an. 
long or large pups 25 to 29 cm, in length, whose yolk sacs are greatly reduced or 
completely absorbed, while a few females have given birth to their young. Thus 
four distinct stages of gestation are seen when the fish are divided on the basis of 
development of uterine young. 

The gestation period apparently covers about 20 to 22 months and a female gives 
birth every other year. This opinion is supported by the progressive advancement 
in development of the young in the four stages of pregnancy. Also, correlated with 
this is a gradual involution of the corpora lutea and a corresponding increase in 
size of the ovarian ova which will be ovulated following the conclusion of the existing 
pregnancy. 

Analysis of candle ova and pups of the four stages of gestation show an increase 
in water and a decrease in both organic and inorganic matter as indicated by dry 
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weights and content of ash. Thus it seems that gestation in the spiny dogfish should 

be considered as being ovoviviparous. 
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Carolina Biological Supply Company, Eton College, North Carohmi 
Introduction 

A number of methods for the culture of Volvox are described in the literature, 
but none of these has been consistently successful in our laboratory. Other investi- 
gators have had a similar experience. S. O. Mast (personal communication) and 
his students have tried these methods time and again over a period of years without 
securing permanent cultures, 

Hartmann (1921) was unsuccessful in culturing Volvox although he was able to 
maintain cultures of Eudorina elcgans for many months. Knoke's many experi- 
ments (1924) over a two-year period were likewise without positive results. After 
extensive aiiahses of natural waters containing Volvox in large numbers, Uspenski 
and Uspenskaja (1925) devised an inorganic salt solution (based on Knop’s me- 
dium) in which Volvox aureus Ehrenberg and V, globator Linnaeus were cultured 
bacterium-free for periods of fifteen and four months respectively. These workers 
showed that a favorable concentration (0.5--1.0 mg. 1.) of iron was a decisive factor 
in the production of healthy cultures, a deficiency of iron resulting in gradual deteri- 
oration, an excess of iron producing a poisoning of the Volvox colonies. Soil ex- 
tract or decoction was used by Mainx (1929) who secured rich permanent cultures 
of V. aureus far superior to those obtained with synthetic solutions, including that 
of Uspenski and Uspenskaja. Pringsheim (1930) reached similar results in experi- 
ments with V, globator and V, aureus, but he likewise was unable to maintain these 
organisms for any length of time in the Uspenski medium where their growth was 
slow'er and of shorter duration than in soil extract medium. Lefevre (1932) states 
that he secured a clone culture of V. aureus in a nutritive solution (derived from 
that of Czurda) consisting largely of inorganic salts in pond water to which a few 
fragments of Sphagnum were added. About 300 descendant colonies were pro- 
duced in some ten days, but he does not say whether this clone was maintained for 
any appreciable length of time. Mixed cultures of Volvocales and other plankton 
species, which included V. aureus, Pandorina viorum *Bory, and Eudorina elcgans 
Ehrenberg, were maintained for many months. 

Johansen (1940) lists six solutions which produce luxuriant growth of Volvox, 
Gonium, Pandorina, and Eudorina, namely certain soil solutions; 0.05 per cent 
Benecke’s and 0.05 per cent Knop’s solutions; and 1.5 per cent Detmer's agar (ap- 
parently after Bold, 1936). He also gives a medium which is identical in composi- 
tion with that of Uspenski. 

It would appear from the forgoing that the continuous culture of Volvox is a 
relatively simple and exact matter, and that a variety of media are available for this 

1 1 gratefully acknowledge the friendly interest and encouragement in this work shown by the 
late Dr. S. 0. Mast, emeritus professor of zoology, The Johns Hopkins University. 
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purpose. Nevertheless, preliminary experiments indicated that this is not the case. 
Soil decoctions vary widely in composition with the soil used, and inorganic salt 
solutions may not give rich, permanent cultures. 

The purpose of the present paper is threefold : (1) to describe a culture method 
for V, aureus which has given consistent results for eighteen months in the con- 
tinuous culture of the organism ; (2) to reduce this method to one which is readily 
duplicable; and (3) to indicate by experiments the probable complexity of the 
nutrition of this organism. 


Materials and Methods 

V, aureus was secured from a pond on the property of the Carolina Biological 
Supply Company near Elon College, North Carolina, where it occurs throughout the 
year, appearing intermittently in large numbers. 

In all of the experiments ordinary finger bowls (4^ inches X2 inches) were 
employed as culture dishes. Two hundred cc. of medium were dispensed in each of 
the bowls which were then placed in a hot air oven and pasteurized. Inoculations 
were made after the medium had cooled to room temperature (approximately 21® 
C.). All cultures were illuminated by the light through a west window, some direct 
sunlight falling on them during part of the afternoon. Throughout the winter 
months the low light intensity was supplemented by radiation from a Sylvania 
fluorescent lamp (Type HF-150S). 

Inoculations were made with ordinary medicine droppers which had been previ- 
ously boiled. No attempt was made to exclude bacteria from the cultures, which 
however showed little evidence of bacterial action. All other possible contaminants 
such as protozoa and algae were absent. 

The salts used in the preparation of inorganic media were either Baker’s Ana- 
lyzed or Merck’s Reagent. The peptone and beef extract w’ere Difco. the creatine 
was Pfanstiehl cp., the lactic acid was Baker’s Analyzed, and the uric acid was Cole- 
man and Bell’s Reagent. In all cases stock solutions were made up and then di- 
luted to proper concentration in the preparation of media. 

The commercial fishmeal (commonly used as fertilizer) was obtained from Bal- 
lard Brothers, Willis Wharf, Virginia. The spring water used in most of the ex- 
periments was secured from a surface spring on the property of the Carolina Biologi- 
cal Supply Company. It is referred to as local spring water. The Huckleberry 
spring water came from a spring by that name near Durham, North Carolina. Dis- 
tilled water was supplied by a Stokes Automatic Water Still, 

Experiments and Results 
Experiments mith inorganic salt solutions 

Modified Knop’s medium as recommended by Bold (1936) and Johansen (1940) 
was prepared and dispensed into finger bowls. Five cultures were inoculated with 
several hundred colonies of Volvox. The cultures were examined daily, but no 
growth or reproduction was evident. The colonies gradually lost their rich green 
color and fell to the bottom of the bowl where they remained motionless, and finally 
deteriorated. Although the experiment was repeated a number of times the result 
was always the same. 
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Since Uspenski and Uspenskaja (1925) cultivated aureus and K. globafor 
in an inorganic medium continuously over periods of fifteen and four months re- 
spectively% attempts were made to secure similar results with their medium. The 
composition is as follows : 


KNOa 0.025 gm. 

MgS04 0.025 giri. 

Ca(N 03)2 0.100 gm. 

KH 2 PO 4 0.025 gm. 

K 2 CO 8 0.0345 gm. 

Fe 2 (S 04)3 0.00125 gm. (added every 10 days) 


Distilled water up to 1,000 cc. 

Wliereas Uspenski and Uspenskaja worked with bacterium-free cultures and 
used Leningrad glass culture dishes, the present experiments were conducted in 
ordinary glass finger bowls containing pasteurized medium. The initial pH was 
found to be 7.6 which is in exact agreement with these authors. 

Five cultures were prepared. Each was inoculated with a single large Volvox 
colony bearing eight daughter colonies. Only one culture showed any evidence of 
growth and reproduction about a hundred pale green colonies being evident after 
several weeks. These were permitted to concentrate at one side of the bowl, re- 
moved with a medicine dropper, and used as inoculum for five subcultures. Obser- 
vation over a period of four weeks showed no evidence of growth and reproduction. 
Gradually the colonies lost their motility, became paler in color, and finally dis- 
integrated. Although the experiment was repeated a number of times, the results 
were negative. 

It was noted that the ferric sulfate had a tendency to be precipitated in some of 
the cultures shortly after they \vere pasteurized. Believing that failure of the ex- 
periment might be due to a lack of the iron salt, it was repeated with the exception 
that FeClg was used instead of Fe 2 ( 804 ) 3 ; t>ut, although the former salt remained 
in solution somewhat better than the latter, the end result was the same. 

Experiments with media containing organic materials 

Soil decoctions. Several samples of local garden soils were obtained, ex- 
tracted, and diluted according to the methods of Mainx (1929) and Pringsheim 
(1930). Although numerous attempts with varied concentrations of soil extract 
medium were made to secure cultures comparable to those described by these 
workers, ' success was not realized. In most instances the organisms rapidly de- 
teriorated and died. In several cases multiplication occurred for a time, but efforts 
to maintain these cultures through subcultivation failed. 

Peptone, beef extract, milk, and urine. Various concentrations of these 
substoces in spring water ranging from 5 mg./l. to 200 mg./l. were tested without 
securing growth and reproduction for more than a week or so. The first cultures of 
Volvox in beef extract medium (5 mg./l.) exhibited an astounding rate of multi- 
plication for several weeks, thousands of colonies being produced. Subcultures, 
however, were poorer. Gradually the colonies became paler in color, and after six 
weeks the third set of subcultures died out. Some evidence of growth was secured 
in peptone medium (5 to 10 mg./l) but Volvox colonies quickly deteriorated in all- 
concentrations of urine and milk media, in which a considerable growth of bacteria 
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was evident. Even though all of the culture media contained FeCI.*6H_»0 (05 cc. 
1 per cent sol./l ), this failed to prevent the cultures from dying out. 

Commercial fishmeal. An extract of commercial fishmeal was prepared 
by adding 200 mg. of fishmeal to a liter of spring water and heating to 80-90*^ C. 
The mixture was shaken well and filtered (Reeve filter paper, No. 201). The 
slightly straw-colored filtrate was dispensed in five finger bowls which were then 
pasteurized. Several hundred Volvox were inoculated into each of these. After 
two weeks one of the cultures was teeming with colonies. Five subcultures from it 
produced thousands of the organisms. Subcultivation was continued every two 
weeks, but after six weeks all of the descendant cultures suddenly died out. 

This experiment was repeated in exactly the same way except that the cultures 
were aerated daily by bubbling air through the medium, but the end result was the 
same. 

Recalling that Uspenski and Uspenskaja f 1925) had emphasized the importance 
of iron in the nutrition of Volvox, fishmeal extract was prepared as in the previous 
experiments. To each liter O.S cc. of a one per cent solution of FeQj-dHjO was 
added. This gave a concentration of the salt of 5 mg. /I. or of 1.03 mg. Fe/1. This 
amount of Fe is slightly greater than the optimum (0.5-1.0 mg. d.) given by Uspen- 
ski and Uspenskaja, but it was felt that some of the Fe would be bound by organic 
substances in the medium and so reduce the available supply. The amount of Fe 
remaining unbound would be within the optimal range. 

Five cultures were set up and inoculated from a clone culture that had been 
established in fishmeal extract several weeks earlier. This culture contained no 
iron other than that already present in the spring water used in its preparation. 

In approximately two weeks excellent cultures resulted. From these cultures 
others were established which were in no way inferior. Thus, this clone of Volvox 
has been maintained in continuous culture with undiminished vigor for a period of 
eighteen months. 

Following the recommendation of Uspenski and Uspenskaja, only half as much 
iron (1/4 cc. of a one per cent solution of FeCla'dHgO) \vas added in winter as in 
summer. Since the initial concentration of iron was rather high, iron was not 
added every ten days in summer and once a month in winter as they suggested. 
The initial pH of the fishmeal medium was consistently 7.6. Over a three-week 
culture period it was found to fluctuate around this value. 

Fishmeal medium, prior to the addition of ferric chloride, is faintly straw col- 
ored but clear. After twenty-four hours it becomes slightly cloudy, perhaps through 
bacterial action. No membrane forms at the surface, however, and in a few days 
the medium becomes clear. 

No attempt has been made to count the total number of colonies in a single 
culture, but the number surely runs up to several thousand. Cultures reach a maxi- 
mum population in from two to three weeks depending largely on variations in 
light intensity and temperature. Over a period of eighteen* months reproduction 
has been asexual ; sexual reproduction has not been observed. 

Extracts of different strengths in which the amount of fishmeal varied between 
SO and 1,000 mg./l. were tested, but 200 mg./l. seemed to give the largest popula- 
tions of Volvox, Therefore, all stock cultures were maintained in media prepared 
with that amount of fishmeal. 



204 


NOLAN E. RICE 


Composition oj fishmeal extract 

Since V. aureus flourished in a medium prepared from spring water, fishmeal, 
and ferric chloride, it seemed desirable to determine the essential components with 
a view toward simplification. In this connection the following questions are perti- 
nent: Can a spring water of known chemical composition be substituted for the 
local spring water? Can spring water be replaced by either tap water or distilled 
water? Can Uspenski’s medium be used in place of spring water? Are the in- 
organic salts alone in fishmeal, along with those in spring water, sufficient to sup- 
port the culture of Volvox? Does the fishmeal extract contain an appreciable 
amount of protein, and if so, how important is this in the medium ? How important 
are other extractives? 

Water component of fishmeal extract. Seven lots of five cultures were 
prepared in which the following media were used : 

1. Fishmeal + local spring water + FeClj-dHgO 

2. Fishmeal 4- Huckleberry spring water + FeCls*6H_>0 

3. Fishmeal H- tap water + FeCli* 6 HoO 

4. Fishmeal + distilled water + FeClt* 6 H 20 

5. Fishmeal + Uspenski medium 

6 . Fishmeal + Uspenski medium (FeQ/ 6 H 20 used instead of Fe,(S 04 ) 3 ) 

7. Local spring water *+■ FeCl 3 ' 6 H 20 

In all cases 200 mg. of fishmeal and % cc. of a one per cent solution of FeC4* 
6 H 2 O were used. 

Each culture was inoculated with ten large Volvox colonies of approximately 
equal size, each colony containing eight daughter colonies. 

Volvox flourished in media 1 and 2, but little or no growth occurred in 3, 5, 6 , 
and 7. Large numbers of colonies were produced in medium 4. These were pale 
green in color, becoming paler with each subcultivation, and finally were moribund 
after four transfers (68 days). Cultures in media 1 and 2 were maintained for 
many months and were in a flourishing state when finally discarded. Repetition 
of the experiment gave substantially the same results. 

This experiment clearly shows that the chemical composition of the water used 
in fishmeal medium is very important in the culture of Volvox, Tap water may 
not be nutritively deficient but toxic, for it has been observed that paramecium, 
hydra, and other invertebrates do not survive long in the local unchlorinated, arte- 
sian water. Distilled water is obviously deficient in certain essential salts, al- 
though the lack is not felt for some time. Huckleberry spring water can be substi- 
tuted for the local spring water since it can supply these salts in adequate amounts. 
It is interesting to note that the Uspenski medium, prepared to include either ferric 
sulfate or ferric chloride, failed to support growth and reproduction of Volvox^, 
even when fortified with the extractives of fishmeal. Finally, fishmeal supplies im- 
portant nutritive substances without which cultures of Volvox soon perish. 

Fishmeal component. Obviously fishmeal is a very complex material. 
Therefore, no extensive series of experiments was contemplated to determine what 
substances in fishmeal are so vital in the nutrition of Volvox. The following ex- 
periment was performed to make clear what class or classes of substances (inorganic 
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salts, proteins, other extractives) in fishmeal contribute to the growth and repro- 
duction of Volvox, Four culture media were prepared according to the schema: 

1. Fishmeal ash -f- local spring water -f- FeCl;.*6HjO 

2. Fishmeal 4* cold local spring water + FeCi;,*6H._>0 

3. Fishmeal residue + hot local spring water + Fe'Cls-fiHoO 

4. Washed fishmeal -h local spring water H- FeO-j-dHoO 

One gram of fishmeal was completely incinerated in a chemically clean crucible 
and the resulting ash shaken well with one liter of spring water. The mixture was 
heated to 80-90° C. and filtered while hot. Two hundred cc. of this solution were 
diluted to one liter with spring water in order to secure an inorganic salt concentra- 
tion comparable to that of regular fishmeal extract. 

Another gram of fishmeal was added to a liter of spring water, shaken well, and 
filtered. Two hundred cc. of the filtrate were diluted with spring water to one 
liter to give a solution of cold-water extractives approximating the concentration 
of these substances in regular fishmeal extract. 

The residue on the filter paper was added to a liter of spring water and heated 
to 80-90° C. and filtered while hot. Two hundred cc. of the filtrate were diluted 
with spring water to one liter. Theoretically this solution contained hot-water ex- 
tractives roughly equivalent to their concentration in regular fishmeal extract. 

The residue on the filter paper was dried and weighed. It had lost one-fourtli 
of its weight. This amount (0.25 gm.) was shaken well with a liter of spring 
water to form a suspension. 

One-half cc. of a one per cent solution of FeGls'dHgO was added to each liter 
of culture medium. Five cultures were prepared from each of the four media, 
pasteurized, and allowed to cool to room temperature. Each culture was inoculated 
with five large Volvox colonies, every one of which contained eight daughter colonies 
in about the same state of development. 

Examination of the cultures over a period of three weeks gave no evidence of 
growth in media 1, 3, and 4. Medium 2 on the other hand gave excellent cultures 
which were in no respect inferior to stock cultures maintained on regular fishmeal 
extract. Subcultures, which were carried for several months, showed no sign of 
deterioration whatsoever and probably could have been maintained indefinitely. 

This experiment demonstrates, therefore, that the readily soluble cold-water ex- 
tractives of fislimeal complement the inorganic salts of spring water and the ferric 
chloride to produce a nutritionally complete medium ; that the soluble salts in fish- 
meal ash medium do not meet all of the growth requirements of Volvox; and that 
hot-water extractives and proteins of fishmeal have little or no importance in the 
culture of Volvox, 

It might be supposed that proteins would be present in the cold-water extract 
fraction of fishmeal, but the usual tests for protein were negative. 

Fish extracts 

Commercial fishmeal consists largely of the pulverized remains of marine fishes, 
and therefore contains all of the chemical constituents of bone, muscle, skin, viscera, 
etc. The question as to what part of a fish, if any one part, provided the important 
nutritive substances in the culture of Volvox was investigated as follows : 
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Several butter-fish (Poronotiis tnacanflms Peck) were secured at a local fish 
market. These were washed in distilled water. Small quantities (about 10 gm.) 
of skin, muscle, and bone (vertebral column) were removed very carefully in order 
not to include any of the adjacent tissues. The three portions were placed in a small 
amount of distilled water in three separate flasks and boiled until practically all oi 
the water had evaporated. They were then dried on filter paper in a dry air oven. 
One-half of each portion was separately- shaken with ether from time to time for a 
period of four hours in order to remove lipoids, after which treatment the ether was 
removed by filtration. The skin, muscle, and bone residues were dried on filter 
paper for forty-eight hours. The remaining half of each portion of skin, muscle, 
and bone received no further treatment. 

Two hundred mg. each of skin, skin extracted with ether, muscle, muscle ex- 
tracted with ether, bone, and bone extracted with ether were separately heated with 
one liter of spring water to 80 — 90° C. and filtered while hot. One-half cc. of a one 
per cent solution of FeClj-OHoO was added to each liter of filtrate. Five cultures 
were prepared from each type of filtrate and inoculated with numerous Volvox, 

The results are summarized below" : 

1. Skin medium — colonies died wdthin a few^ days 

2. Extracted skin medium — colonies died within a few days 

3. Muscle medium — good cultures ; subcultured for three months 

4. Extracted muscle medium — excellent cultures ; subcultured for three months 

5. Bone medium — colonies died wdthin three weeks 

6. Extracted bone medium — some growth and reproduction; subcultures un- 
successful 

The experiment was repeated using Huckleberry spring water instead of the 
local spring water. The results were essentially the same with the exception that 
colonies in the extracted bone medium died out within a week. 

The experiment shows that, of the three tissues tested, muscle alone contains an 
adequate quantity of the substances so vital- to the continuous culture of Volvox. 
Furthermore, the conclusion is reached that the lipoids are of no value to Volvox; 
on the contrary they appear to exert a depressing influence as is indicated by the 
larger populations of extracted muscle medium cultures. 

No attempt is made here to deny that connective tissue associated with fish 
muscle may contribute as much or more than muscle to the nutrition of Volvox. 
It would be next to impossible to separate die two tissues to determine this point. 
However, in experiments which follow the assumption is made that it is the muscle 
that is important and not the connective tissue. 

Since the butterfish is marine and the associated salts of sea water might con- 
ceivably have something to do vrith the results obtained, experiments were carried 
out with the fresh-water sunfish (Lepomis gibbosus Linnaeus) in order to check 
this presumption. The ether-extracted, powdered muscle gave flourishing cultures 
which were maintained in subculture for three months and then discontinued. 
Doubtless muscle tissue from other fishes could have been used with similar results. 

Experiments with some organic constituents of fish muscle 

Whatever the nature of the constituents of fish muscle that are so important in 
the culture of Volvox, it is clear from the forgoing experiments that the proteins, 
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lipoids, and inorganic salts are unnecessary. This leaves carbohydrates (glycogen, 
etc.), nitrogenous extractives (creatine, urea, uric acid, etc.), non-nitrogenous ex- 
tractives (lactic acid, inosite, etc.), pigments, enzymes, and growth-promoting fac- 
tors, and perhaps other substances to be considered. It seemed most likely that 
one or more of the nitrogenous and non-nitrogenous extractives might support the 
continuous culture of Volvox, Therefore, experiments were undertaken in which 
lactic acid, urea, creatine, and uric acid were tested singly and in combination in 
various concentrations from 5 mg./l. to 100 mg./l. of local spring water, the usual 
amount of ferric chloride being added to all media. None of the cultures, however, 
was successful. In several instances adult colonies released daughter colonies, but 
these gradually lost their healthy green color and soon deteriorated. In a medium 
composed of urea, peptone, and lactic acid (5 mg./l. each) as many as three genera- 
tions were produced before death occurred. 

A duplicable culture medium jor Volvox aureus 

An analysis of Huckleberry spring water by D. M. Pace some fifteen years ago 
(personal communication) showed it to have the following inorganic composition; 

Na 2 SiOi 12 mg./l. 

NaCl 12 mg./l. 

Na 2 S 04 6 mg./l. 

CaCh 6.5 mg./l, 

, MgCls 3.5 mg./l. 

FeCl, 2-^ mg./l. 

An artificial spring water was made up according to the above formula except 
that sufficient ferric chloride solution was added to give a concentration of this salt 
of 5 mg./l. Using ether-extracted, powdered sunfish muscle (200 mg./l.), culture 
medium was prepared according to the same method previously described for the 
fishmeal and fish muscle media. Cultures of Volvox have been maintained on this 
medium in a flourishing state for a period of four months, showing no evidence of 
decrease in vitality. These cultures were in every respect equal to cultures of the 
organism secured with commercial fishmeal extract. 

Although fishmeals may vary somewhat in composition depending on their source 
and mode of manufacture, the powdered sunfish muscle prepared as herein described 
may be expected to have a constant composition wherever prepared. This method 
for the culture of V, aureus, therefore, is readily duplicable. 

Discussion 

Results of the foregoing experiments fail to confirm those of Uspenski and Us- 
penskaja (1925), Bold (1936), and Johansen (1940) who have cultured Volvox in 
inorganic salt solutions in the absence of organic matter. The findings, however, 
are in agreement with those of S. O. Mast (personal communication) and his stu- 
dents who were unable after many experiments to secure permanent cultures of 
Volvox in Uspenski’s, Knop's, and other synthetic media. Pringsheim (1930) was 
evidently unable to maintain V, aureus and V, globator for any length of time in the 
Uspensld medium. 



208 


NOLAN E. RICE 


It is difficult to believe that failure to culture Volvo x in the Uspenski medium was 
a result of impurities in the salts or the kind of glassware used in the present ex- 
periments. The salts were of the same degree of purity as those generally employed 
in the culture of protozoa and algae. The salts used in the preparation of artificial 
Huckleberry spring water apparently had no toxic effect. 

Various investigators, notably Pringsheim (1930), have called attention to the 
deleterious effects produced on organisms by the kind of glass of which culture dishes 
are composed. He believed that unfavorable results were due to soluble constituents 
of the glass causing the medium to become more alkaline. Although ordinary finger 
bowls were used in the present experiments, no deleterious effect of the glass was 
observed. Successful cultures on fishmeal and fish muscle extract media were se- 
cured in the same glass finger bowds in which Uspenskies medium failed to support 
continuous growth and reproduction of Volvox. 

Nor can failure to secure permanent cultures in the Uspenski medium be ascribed 
to an unfavorable pH. The initial pH was 7.6 (identical with that given by Uspen- 
ski and Uspenskaja) and remained at that value over a period of three weeks. That 
this is a favorable reaction is shown by the fact that the pH of freshly prepared fish- 
meal extract medium is 7.S-7.6, around which value it fluctuates from day to day 
gradually rising to a final pH of 8.0-8.2. 

Mainx (1929) and Pringsheim (1930) secured rich cultures of Volvox in 
decoctions prepared from garden soil. Soils, however, vary widely in composition 
and reaction so that this method is not readily duplicable. Fishmeal medium, on 
the other hand, can be made up fairly accurately and is more readily reproducible. 
This is even more true of the fish muscle extract prepared with artificial Huckleberry 
spring water and the muscular tissue of the sunfish or butterfish. 

The experiments of the present work show that the nutritional requirements of 
Volvox aureus may be more complex than is indicated by the work of Uspenski and 
Uspenskaja (1925) and that inorganic salts of spring water as well as organic sub- 
stances of fish muscle are essential if this organism is to be maintained in culture for 
any length of time. What these salts and organic substances are, remains for fur- 
ther work to show; but it is quite possible that water-soluble growth promoting 
substances play an important role. 


Summary 

1. Volvox aureus Ehrenberg has been maintained in rich clone cultures for eight- 
een months without observable decrease in vitality on a medium prepared from 
spring water, commercial fishmeal, and ferric chloride. 

2. The presence of iron in the medium was found to be essential to the continuous 
culture of Volvox, This was added as ferric chloride. Cultures lacking iron died 
out in about six weeks. 

3. Either local spring water or Huckleberry spring water served satisfactorily in 
the preparation of fishmeal extract medium, but tap water and distilled water could 
not be substituted for these. 

4. Spring water media containing peptone, beef extract, milk, or urine in various 
concentrations would not support continuous growth and reproduction of Volvox, 

5. Uspenskies medium and modified Knop’s solution were found to be of little 
value in the culture of Volvox. 
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6. Powdered muscle of the marine butterfish {Poro)iotus triacaufhus Peck) or 
the fresh-water sunfish (Lepomis gibbosus Linnaeus), with lipoids extracted, could 
be substituted for commercial fishmeal, while skin and bone could not. 

7. Spring water containing only the inorganic salts of fishmeal, or only the pro- 
teins, failed to support the culture of J’. aureus; but spring water containing the cold 
water extractives and ferric chloride (one-half cc. of a one per cent solution of FeClj* 
6PE.O/1.) gave excellent cultures which probably could have been carried indefinitely. 

8. V. aureus could not be cultured in media containing lactic acid, urea, creatine, 
uric acid, or a combination of urea, peptone, and lactic acid in the several concentra- 
tions used. 

9. A readily duplicable method for the culture of V. aureus is described. 
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OXYGEN CONSUMPTION AND CARBON DIOXIDE ELIMINATION 
IN TETRAHYMENA GELEII FURGASON ^ 

D. M. PACE AND E. D. LYMAN 

Department of Physiology and Pharmacology, College of Pharmacy, University of 

Nebraska^ Lincoln 

Unicellular organismi> make excellent material for the study of various cellular 
phenomena. Tefrahymena gelcii, a colorless holotrichous ciliate, is an exceptionally 
desirable organism for such physiological studies, mainly because it is readily grown 
in rather simple, sterile organic media. 

This organism contains cytochromes c, b, a, and possibly and its oxygen con- 
sumption is inhi]:)ited by cyanide and carbon monoxide (Baker and Baumberger, 
1941). It grows well at ordinary oxygen tensions, but is most prolific in pure 
oxygen (Pace and Ireland, 1945). It soon dies in ox 3 'gen tensions below 10 mm. 
Hg partial pressure. 

Many investigations have been carried out with TetraJiymcna as the experi- 
mental organism. There is, however, much to be desired in respect to our knowl- 
edge concerning respiratory metabolism ; knowledge that may lead to a better under- 
standing of the respiratory mechanisms of cells in general. Since very little is 
knovyn concerning oxygen consumption, carbon dioxide elimination, and respiratory 
quotient in Tefrahymena, the following investigations were made. 

Material and Methods 

The strain of Tefrahymena geleii, kindly fumished by Professor George 
Kidder, used throughout these investigations, was grown in this laboratory in a 2 
per cent proteose-peptone (Difeo) solution. They grow very rapidly in this solu- 
tion and usually reach maximum numbers within four to six days depending upon 
temperature and the number introduced. 

A Barcroft-Warburg respirometer was used for ascertaining oxygen consump- 
tion and carbon dioxide elimination. Temperatures below room temperature were 
obtained in the bath by means of an Aminco refrigerating unit.^ 

Before each experiment the organisms were washed thoroughly in a buffered 
solution in which they were left during the experiment. This solution is one similar 
to that used by Pace and Belda (1944) for Pelomyxa, with slight modifications,^ 
and was used for these tests chiefly because of the several advantages it has over 
the proteose-peptone solution. It is much simpler to work with since there is no 

Aided by a grant from the Penrose Fund of the American Philosphical Society. 

An extra set of manometers and shakings device for the Warburg outfit was purcheasd for 
this investigation by a grant-in-aid fumished by the University of Nebraska Research Council. 

^ The buffer solution used for washing and testing Tetrahymcna gelcii in the Barcroft-War- 
burg respirometet contained the following: K,HP0*-3H,0, 65.5 mg.; NaHEO^-HA 40.0 mg.; 
CaCla, 100 mg. ; MgCb, 2.0 mg. ; and redistilled HaO to 1,000 ml, 
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food material on which bacteria can grow and therefore the dangers of contamination 
are minimized. Bacteriological technique was used throughout. 

Usually, for each condition tested, tw’o different ages of cultures were used: 
“young” cultures (three or four days) and “old” cultures (seven or eight days). 
These cultures were started by introducing several thousand organisms by means 
of a platinum wire loop into 70 ml. of sterile proteose-peptone solution in a 125 cc. 
pyrex erlenmeyer flask. 

After washing and after proper dilution or concentration (by centrifugation) 5 
ml. of culture solution of known population density were added to each Barcroft- 
Warburg flask except to the thermobarometer which contained 5 ml. of buffered 
solution without organisms. 

Oxygen consumption and CO, elimination were determined by the direct 
method. For this purpose 0.2 ml. 10 per cent KOH was put into the inner wells 
(insets) of one-half the flasks and 0.2 ml. HoO in the other one-half. To each of the 
onsets was added 0.3 ml. 3N H2SO4 to absorb any ammonia that might possibly be 
formed in metabolism. In every case this acid was dumped into the main com- 
partment of the flask at the end of an experiment after which a reading was always 
made in order to account for the bound COy which is released by the action of acid. 

Results 

Relation between population density and O3 consumption and COg elimination 

Tetrah3nnenas were obtained from cultures of different ages. “Young” cultures 
were produced in the following manner : about 2,000 ±: 200 tetrah3mienas were 
added to 70 cc. 2 per cent sterile proteose-peptone solution in pyrex erlenmeyer 
flasks. These cultures were kept at room temperature (24® ±2® C.) for 3 or 4 
days when the organisms were washed in the buffer solution® by centrifugation. 
They were then ready for testing. Several different population densities were used, 
ranging from approximately 10,000 to 195,000 organisms per ml. Several experi- 
ments were conducted for each density. 

In these experiments 5 ml. of fluid containing young tetrahymenas were added 
to each of six Barcroft-Warburg flasks (3 with KOH in inner well; 3 with HoO). 
Observations and readings were made from time to time during the course of the 
experiment. Usually readings were made every hour, but in the greater popula- 
tion densities, they had to be made every 15 or 30 minutes ; whereas, with some of 
the lower population densities several hours elapsed in some cases before a final 
reading was made. It depended entirely upon the rapidity of oxygen consumption 
at 25® C. After the reading was made at the end of an experiment, the acid in 
the side arm of each flask was dumped into the fluid containing the tetrahymenas. 
The shaking apparatus was turned on for 10 minutes, after which time another 
reading was made. The results of these tests are presented in Table 1. 

The oxygen consimiption per organism, when young cultures were used, is great- 
est in densities of 13,000 to 33,000 organisms per ml. which were the lowest densi- 
ties used, and least in the greatest densities. In other words, at least within these 
limits, oxygen consumption per organism is inversely proportional to population 
density. The respiratory quotient varied from 0.95 to 1.13 in all the different 
tests, except those in which the lowest population densities were used where the 
R.Q. averaged 1.41, 
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The “old” organisms were produced in the same way as the “young” except that 
they were not used until 7 or 8 days after starting the cultures. The same pro- 
cedures were followed as in the previous tests. The population densities varied be- 
tween 12,000 and 265,000 organisms per ml. These results are also presented in 
Table I. 


Table I 

Oxygen consumption^ carbon dioxide eUmination and respiratory quotient in "young*' and "old" 
cultures of Tetrahymeoa geleii with different population densities. Temperature 25^ C.; average 
volume of one million organisms = 23.6 mm3; 42,370 organisms equal to one cubic millimeter. 


No. of 
organisms 
per ml. 

Age of 
culture 
in days 

No. of 
tests 

0# consump- 
tion in mm.* 
per hr. per 
million 
organisms 

Oi consump- 
tion in mm.s 
per hr. per 
mm.* cell 
substance 

COs elimina- 
tion in mm.* 
per hr. per 
million 
organisms 

CO 2 elimina- 
tion in mm.* 
per hr. per 
mm.* cell 
substance 

R.Q. 



Organisms from 

“young” cultures 



13,000-19,000 

3 




526 


1.41 

30,000-33,000 

3 




3 S 6 



41,500-51,500 

4 



13.7 

350 

14.8 

1.07 

88,000-98,000 

3 



13.6 

328 

13.9 

1.01 

107,600-121,000 

3 i -4 



10.6 

249 

10.5 

0.99 

195,000 

3 i 


246 

10.4 

278 

11.7 

1.13 



Organisms from 

“old” cultures 



12,000-12,600 

1 

7-8 i 

9 

198 


221 


1.11 

24,000-27,500 

7-8 1 

6 

223 


258 


1.15 

38,000-39,400 

7-8 

9 

204 

8.6 

247 


1.21 

69,000-72,600 

7 

6 

278 

11.7 

357 


1.28 

87,600-95,000 

00 

6 

217 

9.2 

263 


1.21 

135,000-148,700 

7 

9 

207 

8.7 

240 



213,000-265,000 

7 

6 

230 

9.7 

272 


■1 


The oxygen consumption varies from one population density to another much 
more so than in the “young” cultures, but there is a definite increase in consumption 
up to approximately 70,000 organisms per ml. and then a decrease with further in- 
crease in numbers per unit volume. Carbon dioxide elimination was also ascer- 
tained and the R.Q. was found to be greater than unity in every case where old cul- 
tures were used. The R.Q. increased progressively from 1.11 when approximately 
12,000 organisms per cc. are used, to 1.28 when approximately 70,000 are used. It 
then decreases with further increase in cell population until it is 1.18 in cultures con- 
taining between 213,000 and 265,000 organisms per ml. 

Relation between tefnperature and oxygen c 07 isumption 

Tests were made to ascertain the oxygen consiunption and carbon dioxide elimina- 
tion in Tetrahymena at different temperatures- The temperatures used varied from 
10° to 35° C. (with 5° increments). As in the previous experiments tests were run 
on both “young” and “old” organisms. The results are given in Table II. 















RESPIRATION IN TETRAHYMENA 


213 


There is an increase in ox}"gen consumption as temperatures increase up to 
25° C. Above 25° C. the consumption decreases directly with increase in tem- 
perature. This applies to organisms obtained from both young and old cultures. 
Attempts were made to ascertain oxygen consumption at 40° C. but the organisms 
died at this temperature. The carbon dioxide elimination and hence the R.Q. values 
were high in all the tests made. The latter ranged between 1.05 and 1.39. 

Table II 

The effect of temperature on oxygen coneumpiion^ carbon dioxide elimination and respiratory 
quotient in Tetrahymena geleii. Average volume of one million organisms, -23.6 mm3; 42^370 
organisms equal to one cubic millimeter. 


No. of 

Age of 


O2 consump- 

O3 con 8 ump> 

COs elimina- 

COi elimina* 

No. of 
tests 

tion in mm.’ 

tion in mm.* 

tion in mm.* 

tion m mm.* 

organisms 

culture 

per hr. per 

per hr. per 

per hr. per 

per hr. per 

per ml. 

in days 

million 

organisms 

mm.* cell 
substance 

million 

organisms 

mm.* cell 
substance 


Organisms from “j'oung” cultures 


10 


3 

3 

50 

2.1 

57 

2.4 

1.14 

15 


3 - 3 i 

9 

125 

5.3 

142 


1.13 

20 


3 

6 

193 

8.1 

227 

9.6 

1.17 

25 


4 

6 

325 

13.7 

350 

14.8 

1.07 

30 


3 

6 

227 

9.6 

297 

12.5 

1.30 

35 


3 

3 

215 ’ 

9.1 

287 

12.1 

1.33 


Organisms from “old** Cultures 


10 


8 

15 


7 

20 

65,500 

6-7 

25 


7 

30 


7 

35 

16 , 800 - 19,160 

8 


3 

25 


12 

92 


6 

128 


6 

278 

11.7 

6 

228 


6 

254 

10.7 


35 

1.5 

1.39 

91 

3.8 


135 

5.7 


357 

15.1 

1.28 

285 

12.0 

1.25 

287 

12.1 

1.12 


Og consumption and CO* elimination in Tetrahymena in proteose-peptone solution 

All the previous tests which have been reported here were made on Tetrahymena 
in the buffer solution given in footnote 3. None had been made on organisms in 
solutions in which they had grown and lived, i.e., proteose-peptone solution. The 
following experiment was carried out in order to make tliese determinations. Thus, 
the tests were conducted in the same way as the preceding ones, except that the 
organisms (1) were kept in the solution in which tliey had grown (2 per cent 
proteose-peptone) or (2) were washed in fresh proteose-peptone and then put into 
the manometer flasks in this solution. It was found that the hydrogen-ion concen- 
tration did not hold to a constant value as well as in the buflFer solution but the 
change did not seem to harm the organisms (the greatest change noted was a 
change from pH 6.8 to pH 7.3). The results are presented in Table III. 

In the tests in which ‘"young” cultures of Tetrah)rmena were used in fresh pro- 
teose-peptone solution, the oxygen consumption proved to be much greater than in 
those tested in buffer solution (at 15® C., 271 mm.® compared to 125 mm.® per hour 
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per million organisms in buflFer solution; at 25^ C., 666 mm.® compared to 325 
mm.®). In the organisms from “old'' cultures, however, the oxygen consumption 
was somewhat lower than that in buffer solution (at 15°, 70 mm.® as compared to 
92 mill.® ) . Variance in numbers, however, must be taken into consideration. 

Table III 

Oxygen consumption, carbon dioxide elimination and respiratory quotient in Tetrahymena geleii 
in 2 per cent proteose-peptone solution. Temperature varied as indicated; average volume of one 
million organisms, 23.6 mm.^; 42,370 organisms equal to one cubic millimeter. 


Tem- 

pera- 

ture, 

®C. 

No. of 
organisms 
per ml. 

Age of 
culture 
in days 

Condi- 
tion of 
proteose- 
peptone 
solution 

No. 

of 

testa 

O 2 consump- 
tion in mm.* 
per hr. per 
million 
organisms 

Ot consump- 
tion in mm.» 
per hr. per 
mm.» cell 
substance 

COs elimina- 
tion in mm.* 
per hr. per 
million 
organisms 

COs elimina- 
tion in mm.» 
per hr. per 
mm.» cell 
substance 

R.Q. 

15 

30,400 

3 

fresh 

4 

271 

11.4 

328 

13.9 

1.21 

15 

32,060- 

40,000 

7 

old 

6 

70 

2.9 

197 

8.3 

2.81 

25 

25,800 

3 

fresh 

3 

666 

28.2 

849 

35.9 

1.27 


A very interesting observation brought out by these results, is that in all tests, 
the R.Q. is considerably above 1.0. This is especially so in the case of the ‘*old^' 
organisms where the average R.Q. for all tests was 2.81. 

Significance of the high respiratory quotients 

The question arises as to the true meaning of these high respiratory quotients. 
In all but a few experiments covered by tliis report, they are greater than 1.0. It is 
generally known that high values for R.Q. may be obtained chiefly under two condi- 
tions ; (1) when fat is in the process of formation in cells or tissues, or (2) when it 
is necessary for the cell or tissue to go into oxygen debt, temporarily at least, during 
which time the ratio between COo eliminated and Og consumed would be much 
greater than usual. 

Tetrahymena produces fat in the form of small globules located in the anterior 
half of the organism. Observations were made upon these organisms under various 
conditions in order to ascertain whether or not respiratory quotients varied and if 
so, whether or not fat content varied also. As far as could be seen by the methods 
used there was no difference in fat content in organisms under different conditions 
even though the respiratory quotients varied considerably. 

A few tests were made in an attempt to ascertain the oxygen consumption and 
carbon dioxide elimination of Tetrahymena in nitrogen. The nitrogen used, how- 
ever, was a commercial grade and hence traces of oxygen were present. Although 
the results obtained by these tests were not conclusive, they indicate that these 
organisms are anaerobic, at least to a limited extent, thus confirming the results of 
Thomas (1942). The respiratory quotients calculated from the results ranged be- 
tween 1.49 and 2.87. 

Discussion 

Hall (1938, 1941), Baker and Baumberger (1941) and Ormsbee (1942) have 
studied respiration in Tetrahymena geleii. The results of these several investiga- 
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tions appear to differ, in some cases, considerably but when they are analyzed care- 
fully the differences, for the most part, may be explained. 

Some of the results of the present investigation are in close agreement with 
those of the aforementioned workers. This is especially true, when our results are 
compared with those of Ormsbee (1942) in which he found that the Oo consumption 
for these organisms in 2 per cent proteose-peptone solution is 632.5 mm.^ per 
hour per million at 26.8° C. ; in our studies, it was found that the 0> consumption 
in 2 per cent proteose-peptone is 666 mm.® at 25° C. The results obtained in 
non-nutrient media should not be compared since the salts differ greatly in the solu- 
tions used by different investigators, but it is found that even in these cases there is 
some agreement, especially when all the factors are taken into consideration. An 
explanation of some of the differences, for example, might be found in the fact that 
different population densities were used. According to our results, as the densit}’' 
of population increases the rate of oxygen consumption per individual decreases. 
This observation, along with possible differences in age of cultures, and also the 
difference in culture media before and during the experiment, could account for the 
slight difference in oxygen consumption as noted in these reports. This age differ- 
ence is especially noticeable when the organisms are tested in the proteose-peptone 
solution in which they were grown. There is not only an inhibition of division with 
age but also a great decrease in oxidative metabolism. 

Thomas (1942) showed definitely that Tetrahymena is adapted, at least par- 
tially, to an anaerobic existence, recovery being dependent upon oxidative metabo- 
lism. He believes the processes involved may be similar to those of mammalian 
striated muscle. Pace and Ireland (1945) showed that Tetrahymena can live and 
grow at very low oxygen tensions but that its growth is best at high tensions- This 
organism does not grow or live for any great length of time in the total absence of 
oxygen. Results presented in this report confirm those of Thomas in this respect. 

The respiratory quotients obtained for Tetrahymena were all high under the 
conditions in which they were determined. They were highest of all in those organ- 
isms confined in practkally pure nitrogen. Carbon dioxide is produced in large 
quantities. It is possible that the metabolism is similar to that of vertebrate striated 
muscle. The extent of anaerobiosis is limited for Tetrahymena just as it is for 
muscle. T etrahymena can live for several days in the absence of oxygen but soon 
dies unless oxygen is added. Specht (1934) found the same to be true for Spiro- 
stommn. He obtained high R.Q. values when this organism was exposed to low 
Oo tensions. Many protozoan forms function in the same way (von Brand, 1946) . 

Summary 

1. Oxygen consumption and carbon dioxide elimination of Tetrahymena geleii 
has been ascertained for different temperatures, for different population densities, 
and for "‘young” and ‘"old” cultures. 

2. The tests were conducted in most of the experiments with washed organisms 
in inorganic buffer solution. 

3. When “young” organisms are used, the oxygen consumption per unit volume 
of cell substance is inversely proportionsJ to population density. The respiratory 
quotients for all tests were nearly always above 1.0. 

4. Wlien “old” organisms are used there is an increase in O 2 consumption per 
unit volume of cell substance with an increase in population density up to 69,000- 
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72,6CX) organisms per ml. Densities above this result in lower consumptions. 
Respirator}^ quotients varied from an average of 1.11 in low population densities to 
1.28 at optimum densities. 

5. Oxygen consumption is always greater in the “young” cultures than in the 
“old** cultures, densities being equal. 

6. With an increase in temperature, the On consumption increases to a maximum 
at 25° C. in both “young” and “old” cultures. Above this temperature the con- 
sumption decreases. In all tests, from 10 to 35° C., R.Q. values were above 1.0. 

7. “Young” organisms, tested in fresh solution of the same kind in which they 
were grown, 2 per cent proteose-peptone (Difco), show much greater Oo consump- 
tion than those tested in inorganic buffer solution. “Old” organisms, however, 
tested in the same solution in which they had grown, have a lower O 2 consumption 
than old specimens tested in fresh inorganic buffer solution. 

8. Very high respiratory quotients were obtained for the organisms in proteose- 
peptone, especially in “old” cultures where the average was -2.81. 

9. In nitrogen gas with but minute traces of oxygen, Tetrahymena utilizes the 
small quantity present and gives off comparatively large quantities of carbon dioxide. 
The R.Q. values are extremely high. 

10. Tetrahymena geleii is to a limited extent anaerobic but it can live only with 
difficulty for more than a few days in the absence of oxygen. 
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INFLUENCE OF TEMPERATURE ON THE ASPHYXIATION OF 
YOUNG GOLDFISH (CARASSIUS AURATUS L.) UNDER 
VARIOUS TENSIONS OF OXYGEN AND 
CARBON DIOXIDE 

F. E. J. FRY, V. S. BLACK, AND EDGAR C. BLACK 

Ontario Fisheries Research Laboratory, University of Toronto, Canada and Department of 
Physiology, Dalhotisie University, Halifax-, Canada 

Introduction 

In their preliminary work on the sensitivity of Ontario fishes to carbon dioxide 
as measured by the asph 3 rxial tension of oxygen of fish in sealed jars containing vari- 
ous concentrations of dissolved carbon dioxide, Fry and Black (1938) observed a 
difference in the response of two sample groups of the minnow, Chrosomus eos. 
The group taken in the autumn from a cold stream near Toronto was found to be ap- 
preciably more sensitive than the group from a bog lake in Algonquin Park at the height 
of the summer warming. These data were subsequently published in a review (Fry, 
1939). At that time there was no indication as to the cause of this difference since 
the two groups came not only from different parts of the country but also from dif- 
ferent habitats. 

Further measurements were made in Algonquin Park in 1939 when the work 
was continued into early fall. Some comparisons were made of curves showing 
sensitivity to carbon dioxide for the same species from the same locality at different 
times of year. The same effect was noted as for Chrosomus eos, although the data 
were ratlier scanty. Observations of the same sort were made again in 1940 and, 
in particular, material was gathered for the brown bullhead {Ameiurus ncbulosus). 
The results are illustrated in Figure 1. There is an increased sensitivity in late 
summer or early fall when the water is cooling. These tests were carried out in water 
of the same temperature as that in which the animals vrere captured. 

Reasoning by analogy from the fact that cold water species such as the trout fail 
to take up oxygen in the presence of mudi lower tensions of carbon dioxide than do 
warm water species such as the brown bullhead, it was concluded that probably there 
would be some such trend within each species and that concomitant with the process 
of thermal adaptation there might be a change in respiratory sensitivity in the di- 
rection observed. 

Meanwhile an opportunity to test this experimentally had presented itself in 
February 1939, when two of the authors in collaboration with Professor Laurence 
Irving and using the facilities of the experimental hatchery at Cornell University, 
measured the respiratory sensitivity of die speckled trout at 1® C, the temperature 
of the hatchery water at that time. The respiratory sensitivity was also measured of 
a group of these fish which had spent 24 hours at 13® C. The sensitivity of the 
group subjected to the warm water for even that short period of time was appre- 
ciably decreased. 
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This experiment, however, was only of a preliminary nature and at that time 
it was not possible to carry it to its logical conclusion. For this reason we under- 
took to do a further series of experiments to determine the effect of temperature on 
the respiratory sensitivity of thermally adapted goldfish. The temperatures chosen 
covered the biokinetic range of temperature for this species. Goldfish were main- 
tained at each temperature level for a period of time quite sufficient to ensure a 
thorough thermal adaptation. The goldfish was chosen because of its suitability as 
a laboratory animal, because the thermal tolerance for the young goldfish had been 



Figure 1. Seasonal variation in the extent to which the brown bullhead can reduce the oxy- 
gen content of water in sealed bottles in the presence of various tensions of carbon dioxide. In 
July and August the fish were acclimated to approximately 20® C., in October to 13® C. They 
were tested at the acclimation temperatures in each instance. 

plotted with some exactitude (Fry aL, 1942), and also because the rate of thermal 
adaptation of goldfish was being measured (Brett, 1946) at the time these experi- 
ments were begun. 

Material and Methods 

The goldfish, Carassius auratus (Linnaeus), were the ordinary long finned com- 
mercial variety of goldfish purchased from commercial dealers in Ontario. They 
were approximately one year old, of both sexes, and varied from 2^ to 4 inches in 
length. The fish were fed fox chow during the period of acclimation. 

A group of fish was acclimatized to one of the following temperatures : 1 C., 7® C., 
15® C., *20® C., 25“ C., and 32® C. The overall allowance for acclimation of each 
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group of fish from 7® to 32° was V C. or less per day until the desired temperature 
was reached. Since complete acclimation to low temperatures takes a longer time 
(Doudoroff, 1942) the fish used for the 1° C. curve were put from a 7° C. tank into 
a 1 ** C. tank and left for two months. 

When acclimation was complete each fish was put in a bottle of water (275 ml. 
capacity ) of the same temperature and containing a known tension of carbon dioxide 
and at least 150 mm. tension of oxygen. During the experiment the sealed bottles 
containing the fish were kept in a water bath at the temperature of acclimation. 
When all respiratory movements of the fish had ceased the water in the bottle was 
analyzed for free carbon dioxide and oxygen. The tension of carbon dioxide was 
determined as follows : a small bubble of air (0.1— 0.3 ml.) w’as equilibrated with 
35 ml. of the water for five or more minutes at the temperature of the experiment 
at room pressure ; the bubble was then transferred to a micro-gas-analyzer (after 
Krogh, 1908) and the carbon dioxide content of the gas phase was found by absorp- 
tion of carbon dioxide with potassium hydroxide. The tension was obtained 
by multiplying the fraction of carbon dioxide in the gas phase by the barometric 
pressure minus the vapor pressure of the water at the temperature of the experi- 
ment. 

Dissolved oxygen was determined by the unmodified Winkler method, using a 
50 ml. sample of water. The pressure of oxygen was calculated by relating the 
quantity of oxygen found to the solubility at the temperature of the experiment and 
multiplying the fraction obtained by 760. 

Results 

The data for the experiments at each of the six temperatures (V C., 7° C., 15° C., 
20“ C., 25“ C., and 32° C.) are given in Table I and illustrated in Figure 2. To 


Table I 

The extent to which goldfish acclimated to varioiis temperatures can reduce the oxygen content of water 
containing dissolved carbon dioxide. Each pair of values is the mean of three to five determinations 


1 * c. 

7® C. 

IS® c. 

20® C. 

25® C. 

32® C. 

CO* 

O* 

CO* 

Oj 

COi 

Oa 

CO* 

Oj 

COi 

Oi 

CO* 

Os 

mm. Hg 

mm. Hg 

mm. Hg 

mm. Hg 

mm. Hg 

mm. Hg 

mm. Hg 

mm. Hg 

mm. Hg 

mm. Hg 

mm. Hg 

mm. Hg 

20 

5.5 

27 

3.5 

17 

2.9 

34 

7.5 

25 

4.7 

14 

8.0 

64 

4.9 

79 

3.5 

66 

3.5 

88 

8.3 

141 

13 

144 

8.0 

87 

48 

100 

5.8 


5.9 

120 

2.9 

172 


168 

7.0 

98 

24 

113 

16 

131 

12 

139 

7.3 

200 


186 

7.3 

111 

46 

128 

38 

144 

49 

154 

41 

224 


212 

46 

141 

66 

138 

66 

153 

49 

166 

25 

286 


226 

102 





171 

74 

197 

80 



240 

216 





192 

75 

242 

139 









237 

163 








reduce the spread tlie original figures have been grouped into averages of 3 to 5 
determinations. This averaging was carried out by arranging all the values in a 
particular series in order of the magnitude of the carbon dioxide tension and then 
averaging the values for consecutive groups. 
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The course at each temperature appears to be as follows. Up to a certain ten- 
sion of carbon dioxide the ox3’gen in the bottle is reduced to a uniform and low level 
before death of the fish ensues. Above a certain carbon dioxide tension the level of 
the carbon dioxide influences the level to which the oxygen can be reduced, i.e., the 
greater the carbon dioxide content the higher the level of oxygen in the water at 



Figure 2. The extent to which goldfish can reduce the oxygen content of water in sealed 
bottles in the presence of dissolved carbon dioxide at various temperatures of acclimation. Each 
point is the average of three to five determinations. 


asphyxiation. As the acclimation temperature is increased the level of carbon diox- 
ide required to limit the level to which the oxygen is used also increases. There is 
some indication that the risir^ portion of the curve becomes steeper at the higher 
acclimation temperatures. 

The data from the six curves in Figure 2 are brought together in Figure 3 where 
the change in sensitivity, i.e., the number of arbitrary units contained within 
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each curve, is plotted against the temperature of acclimation. The sensitivity of 
the fish seems to decrease almost directly with the increase in temperature of ac- 
climation. 



Figure 3. The relation between utilization of oxygen in the presence of dissolved carbon 
dioxide and the temperature to which goldfish are acclimated. ^ The units of resistance to carbon 
dioxide given are the areas composed by oxygen X carbon dioxide (as mm. Hg) between the 
resistance curves in Figure 2 and a horizontal line drawn across at 160 mm. Hg oxygen (air 
saturation). Sensitivity to CO^ referred to in the text is a reciprocal function of resistance. 

Discussion 

The ability of the fish to use oxygen in the presence of carbon dioxide as meas- 
ured here, varies considerably in goldfish adapted to various temperatures wi*in 
their htnVinPtiV range. The difference between goldfish acclimated to water of 1“ C. 
and those acclimated to water of 32® C. is of the same order as the differences be- 
tween the common sucker {Catostomiis commersonnii) and the brown bullhead 
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{Ameiurns nchulosas) when these species are acclimated to about 20 C. (Fry, 
l^W). 

The change in the respirator} sensitivity attendant on change in the environ- 
mental temperature is such that when goldfish are adapted to low temperatures their 
respiratory sensitivity tends toward the type found in cold water species (common 
sucker) : when adapted to high temperatures the respiratory sensitivity resembles 
that of warm water species (brown bullhead). 

Other changes in the respiratory metabolism of fish have been found to be at- 
tendant on changes in thermal adaptation (Wells, 1935 ; Sumner and Wells, 1935 : 
Sumner and Lanham, 1942; Sumner and Doudoroff, 1938). Indeed Sumner and 
Doudoroff used the change in resistance time to cyanide poisoning as an index of 
change in thennal adaptation. The change shown in our work appears however to 
be unique in that the absolute level of respiratory sensitivity is lower at a higher 
temperature. 

While no definite conclusions can be drawn it is interesting to speculate on the 
change of organization which could bring about this change in respiratory sensitivity. 
Two phases of die circulatory systems of fish have been shown to be correlated with 
their respiratory sensitivity. Black (1940) noted that there were significant dif- 
ferences between four species of freshwater fish and the effect of carbon dioxide on 
the affinity of hemoglobin in whole blood for oxygen, and further, that the fish with 
the greater sensitivity to carbon dioxide are found in colder habitats. Hart (1945) 
showed a similar correlation between the stroke output of the heart and the respira- 
tory sensitivity of a series of species. He also pointed out that the influence of the 
mechanical factor in respiratory transport may at times be so great as to displace the 
order of respiratory sensitivity of species which might be expected from a compari- 
son of the diemical characteristics of their oxygen transport system. In addition 
to Hart’s material another probable instance of this is found in the marine fish, the 
tautog (Tautoga onifis) and the toadfish {Opsanus tau). The respiratory tolerance 
of these fish is quite different, the toadfish being able to withstand up to 250 mm. of 
carbon dioxide whereas the tautog can only tolerate 150 mm. (Safford, 1940) . The 
chemical properties of the blood of these fish for transporting oxygen in the presence 
of carbon dioxide are, however, very similar (Root, Irving, and Black, 1939). 

Thus the change in respiratory sensitivity with change in temperature as dis- 
played by goldfish adapted to their thermal environment may be a reflection of 
changes in either the mechanical or chemical aspects of their circulatory system and 
the problem remains to see to what extent each may be acting. 

There is another change in the organism that may influence the measure of re- 
spiratory sensitivity as determined here for the goldfish. The areas enclosed above 
and to the left of the carbon dioxide-oxygen curves in Figures 1 and 2 are not entirely 
areas of tolerance in the sense that the animal could remain alive indefinitely under 
conditions represented by any combination of oxygen and carbon dioxide within 
these areas. At points in the marginal area near the limiting curve the animal is 
in a dying condition and its ability to transport oxygen will not depend on its 
tolerance towards those conditions but upon the length of time its organization can 
resist the ultimate breakdown. During the part of this period when the ventilatory 
and circulatory systems are still functioning, sub-minimal amounts of oxygen will be 
transported to the tissues of the dying animal. While these amounts of oxygen may 
be sub-minimal from the point of view of maintaining the life of the organism they 
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may be quite significant in extending the carbon dioxide-oxygen curve considerably 
beyond the region of tolerance. This effect was well shown by Wiebe ct al (1934) 
who deinonstrated that after a fish introduced into a sealed container had extracted 
oxygen in the presence of a certain pH until it had died, a second subject introduced 
into the same container could reduce the oxygen still further by a significant amount 
before it also died. 

Thus the decrease in the respiratory sensitivity at higher temperatures as meas- 
ured by asphyxiation in a sealed bottle could in part be accounted for by increase in 
resistance of the tissues to oxygen lack or carbon dioxide excess, taking resistance 
to mean the length of time that an organism can resist a lethal condition before it 
finally succumbs. However one would not expect this factor to account for any- 
thing like the whole of the change in respiratory sensitivity observed. 

When conditions are standard with respect to heredity and environment the re- 
spiratory sensitivity curves appear to offer a valid physiological yardstick whatever 
question there may be of exactly what these experiments measure. In the present 
series of experiments for instance the 20° curve was obtained in 1945 using material 
of the same age and purchased from the same source as that which was used for the 
determinations at the other temperatures in 1943, and as will be seen the data are 
quite consistent. 

Necessity for complete acclimation to secure standard results becomes apparent 
when temperature effect over the biokinetic range at one level of thermal adaptation 
is considered. We have made two comparisons on fish acclimated to 20° C. In 
one instance the experiments were conducted in water at 12° C., in the other at 28° C. 
These data are given in Table II and may be compared with the values given for 

Table II 


extent to which goldfish acclimated to ZO^ C. can reduce the oxygen content of water containing 
dissolved carbon dioxide at 12° C. and at 28° C. Each pair of values is the mean of four deter minatiofis 


Acclimated to 20® 

Experiments at 12® 

Acclimated to 20° 

Experiments at 28® 

COs 

Oi 

CO* 

O* 

mm. Hg 

mm. Hg 

mm. Hg 

mm.Hg 

24 

5.7 

28 

7.9 

82 

5.4 

69 

7.4 

100 

8.6 

121 

11 

111 

9.8 

140 

18 

127 

19 

157 

60 

152 

32 

169 

25 

181 


186 

141 



217 

184 


20° C. in Table L In both cases the respiratory sensitivity proved to be greater 
than that measured at the temperature of acclimation. The d^ree of difference 
that these results show is somewhat surprising in view of the fact that the difference 
in temperature at which the experiments were carried out was only 8 degrees in 
either direction from the acclimation temperature, while at the acclimation level 
chosen the lower lethal temperature is about 18° C. below and the upper lethal 15® C. 
above the acclimation temperature. 
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Summary 

1. By asphyxiating goldfish in sealed bottles of water containing dissolved car- 
bon dioxide and oxygen, it was found that the ability of the fish to use oxygen in 
the presence of carbon dioxide increases as the acclimation temperature of the fish is 
raised. 

2. Goldfish acclimated at 1° C. are limited in their ability to use oxygen when 
a tension of 60 mm, or more carbon dioxide is present in the water, whereas gold- 
fish acclimated at 32® C. are not limited in the utilization of oxygen unless the carbon 
dioxide tension is 200 mm. or more. Fish at intermediate temperatures of 7®, 15® 
20® and 25® C. begin to show a decrease in the ability to use oxygen when they are 
in the presence of carbon dioxide tensions of 100, 120, 140, and 170 mm. respectively. 

3. Reliable results could be obtained only after complete acclimation of the fish 
to the temperature at which the experiments were made. However, with acclimated 
fish of similar stock the result could be reproduced from year to year at the same 
season. 

4. The explanation for this change in sensitivity to carbon dioxide in acclimated 
fish lies possibly in the effects of temperature on both the mechanical transport of 
the blood and the chemical transport of oxygen by the blood. 
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11. ACT OF INCORPORATION 

No. 3170 
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made, an existing Corporation, under the name of the MARINE BIOLOGICAL LAB- 
ORATORY, with the powers, rights, and privileges, and subject to the limitations, duties, 
and restrictions, which by law appertain thereto. 

Witness my official signature hereunto subscribed, and the seal of the Commonwealth 
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One Thousand Eight Hundred and Eighty-Eight. 

[seal] 

HENRY B. PIERCE, 
Secretary of the Commonwealth, 
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I. The members of the Corporation shall consist of persons elected by the Board of 
Trustees. 

II. The officers of the Corporation shall consist of a President, Vice President, Di- 
rector, Treasurer, and Clerk. 

III. The Annual Meeting of the members shall be held on the second Tuesday in 
August in each year, at the Laboratory in Woods Hole, Massachusetts, at 11:30 A.M., 
and at such meeting the members shall choose by ballot a Treasurer and a Clerk to serve 
one year, and eight Trustees to serve four years, and shall transact such other business 
as may properly come before the meeting. Special meetings of the members may be 
called by the Trustees to be held at such time and place as may be designated. 

IV. Twenty-five members shall constitute a quorum at any meeting. 

V. Any member in good standing may vote at any meeting, either in person or by 
proxy duly executed. 

VI. Inasmuch as the time and place of the Annual Meeting of members are fixed by 
these By-laws, no notice of the Annual Meeting need be given. Notice of any special 
meeting of members, however, shall be given by the Clerk by mailing notice of the time 
and place and purpose of such meeting, at least fifteen (15) days before such meeting, 
to each member at his or her address as shown on the records of the Corporation. 

VII. The Annual Meeting of the Trustees shall be held on the second Tuesday in 
August in each year, at the Laboratory in Woods Hole, Mass., at 10 A.M. Special 
meetings of the Trustees shall be called by the President, or by any seven Trustees, to be 
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held at such time and place as may be designated, and the Secretary shall give notice 
thereof by written or printed notice, mailed to each Trustee at his address as shown on 
the records of the Corporation, at least one (1) week before the meeting. At such 
special meeting only matters stated in the notice shall be considered. Seven Trustees of 
those eligible to vote shall constitute a quorum for the transaction of business at any 
meeting. 

VIII. There shall be three groups of Trustees : 

(A) Thirty-two Trustees chosen by the Corporation, divided into four classes, each 
to serve four years; and in addition there shall be two groups of Trustees as follows: 


IV. THE REPORT OF THE TREASURER 
To THE Trustees of the Marine Biological Laboratory : 

Gentlemen: 

Herewith is my report as Treasurer of the Marine Biological Laboratory for 
the year 1946. 

The accounts have been audited as in recent years by [Messrs. Seamans, Stetson, 
and Tuttle, certified public accountants of Boston. A copy of their report is on 
file at the Laboratory office and inspection of it by Trustees or other Members of 
the Corporation will be welcomed. 

The principal summaries of their report — ^The Balance Sheet, Statement of 
Income and il^pense, and Current Surplus Account — ^are appended hereto as 
Exhibits A, B, and C. 

The financial operations of 1946 may be summarized as follows : 

7. Assets 

1, Endowment Assets 

As of December 31, 1946, the total book value of all the Endowment Assets, 
including the Scholarship Funds, was $977,199.30, an increase for the year of 
$10,427.14 due to profits on securities sold. 

These Assets consisted of : marketable securities (bonds, preferred stocks, and 
common stocks) with a book or cost value of $889,416.18 and a market value of 
$934,042.19; six participations in mortgages on New York City realty costing 
$82,491.14, estimated by the Treasurer to have an actual value of $52,000,000; and 
$5,291.98 in uninvested principal cash. 

The total current valuation of Endowment Assets was $991,334.17, $14,134.87 
more than current book value, but $13,603.44 less than the actual value at the end 
of the previous year. This slight decline in market values during the year was 
due chiefly to lower prices for some of the common stocks. 

2. Plant Assets 

The total of Plant Assets at the end of the year was $1,312,963.70, or $17,- 
884.05 less than at the end of 1945. New expenditures were more than offset by 
the depreciation charge of $25,314.41, In addition to heavy expenditures for 
repairs that were regarded as current expenditures, a total of $21,425,02 was paid 
out for improvements to buildings and new equipment that were regarded as capital 
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items. To take care of some of these pajmients $15,000 of the Reser\’e Fund was 
used, leaving a balance in the Reserv’e Fund of $15,859.89, a substantial portion of 
which has already been appropriated for repairs and equipment. 

3, Current Assets 

At the end of the year Current Assets had increased by $7,881.53 to a total of 
$220,851.88. Accounts Pavable were $8,411.64. Current Surplus had increased 
$6,022.47 to $202,360.31. 

IT. Income and Expenditures 

Both income and expense totals were much larger than in recent years. Total 
Income was $227,104.26. Total Expense, including $25,314.41 Reserve for De- 
preciation, was $234,537.13, leaving an accounting deficit of $7,432.87 compared 
with a surplus of $9,773.28 for 1945. The 1946 expenditures contained a number 
of unusual items such as $11,510.00 for '"Special Repairs to the Brick Laboratory” 
and further 'T944 Hurricane Damage Repairs” of $2,012.50. 

On December 31, 1946, current cash on hand amounted to $28,135.30, but as 
in the case of the Reser\"e Fund, a portion of this was designated for further im- 
provements and purchases already authorized. 

Noteworthy in the income account are the contributions totalling $1,070.00 from 
the Marine Biological Laboratory Associates that were used for purchases of espe- 
cially needed apparatus and a gift of $700 from Mrs. W. Murray Crane. 

The total receipts df the Supply Department also attained what is believed to 
be a new high, $73,394.26. The expenses of the Supply Department, particularly 
the purchases of specimens from outside sources, also increased however to $62,- 
527.53, so that the net gain from operations rose only moderately to $10,866.73. 


EXHIBIT A 


Marine Biological Laboratory Balance Sheet, December 31, 1946 


Assets 

Endowment Assets and Equities ; 

Securities and Cash in Hands of Central Hanover Bank and 


Trust Company, New York, Trustee $ 960,062.58 

Securities and Cash in Minor Funds 17,136.72 


Plant Assets : 
Land . . . 
Buildings 
Equipment 
Library .. 


$ 110,425.38 
1,324,036.67 
193,539.92 
349,234.22 


$ 977,199.30 


$1,977,236.19 

Less Reserve for Depreciation 696,981.38 


$1,280,254.81 


Reserve Fund, Securities and Cash 15,859.89 

Book Fund, Securities and Cash 16,849.00 


$1,312,963.70 
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Current Assets : 


Cash 

Mortgage Note Receivable 

Accounts Receivable * 

$ 

28,135.30 

2,500.00 

30,114.98 

Inventories : 



Supply Department $ 

Biological Bulletin 

39,083.91 

18,557.44 

57,041.35 

Investments : 



Devil’s Lane Property and Accounts Re- 
ceivable $ 

Gansett Property and Accounts Receivable 
Stock in General Biological Supply House, 

Inc 

Other Investment Securities 

Retirement Fund Securities and Cash 

48,055.31 

1,074.67 

12.700.00 

20.795.00 
12,757.24 

95,382.22 

Prepaid Insurance 

Items in Suspense (Debits) 


4,556.59 

2,521.44 


Total Assets 


Liabilities 


Endowment Funds : 

Endowment Funds ' $ 958.871.15 

Reserve for Amortization of Bond Premiums . . 1,191.43 

$ 960,062.58 

Minor Funds 17,136.72 

Plant Funds : 

Mortgage Note Payable $ 5,000.00 

Donations and Gifts $1,172,564.04 

Other Investments in Plant from 

Gifts and Current Funds 135,399.66 1,307,963.70 


Current Liabilities and Surplus : 

Accounts Payable $ 8,411.64 

Items in Suspense (Credits) $ 1751.24 

Reserve for Repairs and Replacements 8,328.63 

Current Surplus 202,360.37 


$ 220,851.88 
$2,511,014.88 


$ 977,199.30 


$1,312,963.70 


$ 220.851.88 


Total Liabilities 


$2,511,014B8 
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EXHIBIT B 

Marine Biological Laboratory Income and Expense, 
Year Ended December 31, 1946 


Income : 

General Endowment Fund 

Library Fund 

Donations 

Instruction 

Research 

Evening Lectures 

Biological Bulletin and Membership Dues . . 

Supply Department 

Mess 

Dormitories 

(Interest and Depreciation charged to above 

3 Departments) 

Dividends, General Biological Supply House 
Dividends, Other Investment Stocks 

Rents : 

Bar Neck Property 

Janitor House 

Sale of Library Duplicates, Micro Film, etc. 

Microscope and Apparatus Rental 

Sundry Income 

Interest on Mortgage Receivable 

Maintenance of Plant: 

Buildings and Grounds 

Apparatus Department 

Chemical Department 

Library Expense 

Workmen’s Compensation Insurance 

Truck Expense 

Bay Shore Property 

Great Cedar Swamp 

General Expenses: 

Administration Expense 

Endowment Fund Trustee and Safe- 

Keeping 

Bad Debts 

Special Repairs 1944 Hurricane Damage . . . 

Cost of Living Bonus 

Gift to Naples Biological Station 

Special Repairs, Brick Laboratory 

Interest 

Reserve for Depreciation 


Total Net 


Expense 

Income 

Expense 

Income 


$ 29,966.14 


$ 29,966.14 


6,000.47 


6,000.47 


2,170.00 


2,170.00 

$ 11,788.90 

9,030.00 

$ * 2,758.90 


6,329.17 

20,645.14 


14,315.97 

75.00 


75.00 


10,500.17 

12,863.15 


2,362.98 

62,527.53 

73,394.26 


10,866.73 

32,567.63 

30,069.72 

2,497.91 


30,640.35 

16,880.30 

13,760.05 


(26,008.91) 



26,008.91 


17,272.00 


17,272.00 


1,000.00 


1,000.00 

873.71 

6,000.00 


5,126.29 

21.45 

360.00 


338.55 


331.61 


331.61 


1,011.47 


1,011.47 


10.00 


10.00 


100.00 


100.00 

28,337.37 


28,337.37 


8,267.02 


8,267.02 


3,859.74 


3,859.74 


6,664.76 


6,664.76 


435.15 


435.15 


157.11 


157.11 


172.32 


172.32 


22.80 


22.80 


16,429.92 


16,429.92 


1,033.70 


1,033.70 


352.83 


352.83 


2,012.50 


2,012.50 


240.00 


240.00 


100.00 


100.00 


11,510.00 


11,510.00 


312.50 


312.50 


25,314.41 


25,314.41 



$234,537.13 $227,104.26 $124,313.99 $116,881.12 


Excess of Expense over Income carried 
to Current Surplus 


7,43^87 

$234,537,13 


7,432B7 

$124,313.99 
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EXHIBIT C 

Marine Biological Laboratory Current Surplus Account, 
Year Ended December 31, 1946 


Balance, January 1, 1946 $196,337.90 

Add: 

Transfer from Reserve Fund $15,000.00 

Reserve for Depreciation Charged to Plant Funds 25,314.41 40,314.41 


Deduct : 

Excess of Expense over Income for Year $ 7,432.87 

Pajrments from Current Funds during Year for Plant 
Assets : • 

Buildings $ 2,691.13 

Equipment 8,324.14 

Library 10,409.75 


$236,652.31 


$21,425.02 

Less Received for Plant Assets Sold 3,306.90 18,118.12 


Transfers to Reserve Fund: 

Portion of Dividends from General Biological 


Supply House $ 2,500.00 

Dividends from Crane Co 875.00 

Gansett Property Profits, 1945 464.18 


3,839.18 


Retirement Fund: 

Payments to Pensioners $ 3,460.00 

Less Retirement Fund Income 200.11 


$ 3,259.89 

Loss on Sale of Interest in Real Estate 1,030.34 4,290.23 


Loss on Sale of Gansett Property in 1946 81.60 

Adjustment of Sundry Accounts-Receivable, etc., account of Prior 

Years 529.94 34,291.94 


Balance, December 31, 1946 $202,360.37 

Respectfully submitted, 

Donald M. Brodie, 

Treasurer 


V. REPORT OF THE LIBRARIAN 
1946 

The sum of $13,500 appropriated to the library in 1946 was expended as fol- 
lows: books, $546.47; serials, $2747,01; binding, $618.39; express, $74.34; sup- 
plies, $431.05 ; salaries, $7,886.13 ($1,700 of this sum was contributed by the Woods 
Hole Oceanographic Institution); back sets, $417.04; insurance, $45.00; total, 
$12,765.43. The cash receipts oiE the library totalled $331.61 : for microfilms, 
$195.03 ($78.45 expenses paid by the library and accounted above under “sup- 
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plies”) ; sale of duplicates, $135.65; sale of the “Serial List” Biological Bulletin 
supplement number. $0.93. This sum. $331.61. reverts to the laboratory and does 
not include rent payments for library readers which are collected by the main office. 
There were 38 library readers accommodated in the library during the summer of 
1946, and practically all of these for the whole season, an improvement over 1945 
when many of the 49 readers rented desks for short terms. 

Of the Carnegie of New York Fund, $1,534.46 was expended for the comple- 
tion of four back sets and for the partial completion of one other. 

The sum appropriated by the Woods Hole Oceanographic Institution in 1946 
for purchases was $800. A balance of $802.27 remaining from 1945 made an 
available total of $1,602.27. The expenditures amounted to $1,910.43, overrunning 
the account by the sum of $308.16. In addition to the above, the Woods Hole 
Oceanographic Institution contributed $1,700 (see above under salaries). 

During 1946 the library received 1,065 current journals: 320 (19 new) by 
subscription to the Marine Biological Laboratory ; 43 (15 new) to the Woods Hole 
Oceanographic Institution; exchanges with the “Biological Bulletin” 433 (13 new; 
68 reinstated foreign) and 96 (21 new; 17 reinstated foreign) with the Woods 
Hole Oceanographic Institution; 165 as gifts to the former and 8 to the latter. 
The Library acquired 261 books : 81 by purchase of the Marine Biological Labora- 
tory; S3 by purchase of the Woods Hole Oceanographic Institution; 13 gifts by 
the authors ; 22 by the publishers ; 48 by miscellaneous donors ; 23 from the French 
Embassy Library, New York City; 1 from Dr. R. S. Lillie; 3 from Dr. Oliver S. 
Strong ; 1 from Dr. Alfred C. Redfield ; and 16 from Mrs. Priscilla B. Montgomery. 
There were 43 back sets of serial publications completed; IS purchased by the 
Marine Biological Laboratory (4 with the Carnegie Fund) ; 7 by the Woods Hole 
Oceanographic Institution ; 5 by exchange of the “Biological Bulletin” ; 14 by ex- 
change with the Woods Hole Oceanographic Institution publications; and 2 by 
gift and exchange of duplicate material. Partially completed sets were 73 : pur- 
chased by the Marine Biological Laboratory, 10 (1 with the Carnegie Fund) ; 
purchased by the Woods Hole Oceanographic Institution, 10; by exchange with 
the “Biological Bulletin,” 9; by exchange with the Woods Hole Oceanographic 
Institution publications, 11 ; by gift and exchange of duplicate material, 33. 

The reprint additions to the library were 4,618: current of 1945, 841 ; current 
of 1946, 97 ; and of previous dates, 3,680, There were gifts of reprints from Dr. 
Alfred C. Redfield ; Dr. E. G. Butler ; and from Dr. L. C. Wyman. 

At the end of the year 1946 the library contained 55,312 bound volumes and 
142,292 reprints. 

It is discouraging to report that no part of the German journals that have been 
lacking since 1940 have come through. We have heard, however, by letter of 
February 28, 1947, from the Otto Harrassowitz Company that there is “in prepara- 
tion” a box of “stored material” that “will leave Berlin in summer via the Library 
of Congress Mission Berlin.” We are hoping to discover whether this means some 
volumes of our standing order of the war years. If nothing comes to us in this 
direct way or tlirough other of the Library of Congress “Mission Berlin” ship- 
ments I understand that a plan is already under way to reprint such lacking 
volumes provided a sufficient number of libraries are interested to assure the 
expense of the undertaking. 
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VI. REPORT OF THE DIRECTOR 
To THE Trustees of the Marine Biological Laboratory 
Gentlemen: 

I submit herewith the report of the fift)^-ninth session of the ^larine Biological 
Laboratory for the year 1946. 

The past year has seen a continued recovery from vrar-time conditions. Our 
attendance increased, especially in the groups of Beginning Investigators and stu- 
dents, in large part due to returning veterans ; many foreign journals have begun 
to come regularly after a lapse of several years ; our gross income (and also ex- 
pense) exceeded that of any recent year; the budget for research equipment w^as 
greatly increased ; a good start vras made in the repair of our buildings ; the Lalor 
Fellowships were established. 

1, Financial 

During the past 10 years notable changes have occurred in the net income from 
some of our regular sources of revenue. Decreases appear in the return from the 
Endowments, from Instruction, and from the Mess ; increases are seen in Research 
fees and the Supply Department. Changes in the cost of running the various 
departments have been due to war conditions. The accompanying table gives only 
the more important items of the budget. Net incomes are show’n, rather than 
gross incomes. For the Supply Department, the Dormitories, and the Mess, the 
amounts do not include depreciation and other bookkeeping charges. 


Net Income 



Endowments 

Dividends 

Research 

Instruction 

Supply Dept. 

Dorm. \ 

Mess 

1946 

35,965 

18,270 

17,295 

14,315 

(2.760) 

14,545 

5,290 

780 

1944 

33,010 

3,675 

(2,915) 

11,780 

875 

790 

1942 


■HEW 

4,950 

(2,065) 

1,760 

9,275 

1,385 

1940 

44,140 

18,940 

15,070 

(615) 

5,030 

7,080 

2,120 

1936 



10,070 

2,130 

9,160 

6,660 

3,125 


Expense 



Bldgs, and Grds. 

App. and Chem. 

Library 

Spec. Repairs 

Admin. 

Pensions 

1946 

37,420 

15,055 


13,525 


3,460 

1944 

32,675 

6,135 

12,315 

2,465 


3,460 

1942 

25,130 

9,805 

15,335 

5,810 


3,460 


28,785 

19,005 

17,780 

1,650 


3,710 

1936 

37,925 

17,190 

22,140 

— 


4,060 


Most important is the decline in the return from the Endowments. In 1930 
our receipts from these sources amounted to $57,000. A sharp drop occurred in 
1933, and smaller but steady declines each year until 1946. Our income now is less 
than two-thirds of the 1930 amount. In the meantime, returns from Dividends 
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have risen, and have made up nearly half of the loss incurred in the Endowment 
income. The budget for Instruction showed a substantial loss during the war 
years when attendance was light. With larger numbers of students and an increase 
in tuition from $75.00 to $100.00 the deficit should disappear. The net gain from 
the Mess has fallen materially. In view of the high cost of food and services we 
are fortunate to end each season without loss. 

On the other hand, the net return from Research fees is now high, due in part 
to rentals received from the Oceanographic Institution which has occupied rooms 
throughout the year. The Supply Department has been exceedingly active. For 
1946 the gross receipts were over $73,000, as compared with $43,000 ten years ago. 
However, the net income has not increased proportionately, for the cost of speci- 
mens purchased from dealers, of containers, chemicals, and other items, has kept 
down the profits. Salaries have been increased by more than 25 per cent. 

The major categories of expense, shown on the lower part of the Table are now, 
with one exception, only a little above what they were in 1936. During the war 
we could not obtain many items of scientific equipment and so could not replace 
outworn apparatus. The budget for the Apparatus Department was, therefore, 
small. Now when equipment is available we can not buy all that we need because 
of its high cost. So, although we are spending as much as we did 10 years ago, 
we obtain far less. Our physical plant fell into disrepair, but is now gradually 
being put into sound condition. The cost of this work in 1946 is shown in the 
column Special Repairs. 

We stand in need of additional funds to increase our endowments, to improve 
and enlarge our research facilities, to make further essential repairs in our buildings, 
to improve the working conditions of the Supply Department, and finally, to replace 
the wooden laboratories with a modern, well equipped building. The Executive 
Committee submitted to the Rockefeller Foundation a full statement of our needs 
with a request for funds to meet all or a part of them. The Foundation, in reply, 
recognized the importance of these projects but stated that because of its large 
contribution to the Peking Union Medical College, it could not at this time con- 
sider our request. In view of this, the Laboratory, should seek moderate contri- 
butions from a number of sources, thus broadening our base of support. One such 
source is our own membership which has been asked to contribute to a fund for a 
new collecting boat. The response has been encouraging, the donors expressing 
their hearty approval of the project. 

2, Buildings and Grounds 

All of the Laboratory buildings will be in active use during the summer of 1947. 
The Lecture Hall, which was stripped of its salt water and gas when the Navy 
occupied it, is now fully restored and will be filled with investigators. Rooms in 
the Supply Department will also be used for research. 

Repairs and replacements have been made elsewhere. The sea wall is now re- 
built, the waterproofing of the Brick Building is finished. The experience of the 
past winter has proved that the operation was successful. The Dormitory is now 
undergoing the same treatment. In addition, many of its rooms, left unpainted 
since the building was erected more than 20 years ago, will be painted. A most 
desirable improvement is the partial painting of the Auditorium. 
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Room 106 in the Brick Building has been transformed into an Associates Room. 
The Trustees, at the Special Meeting in Boston, directed that this be done in re- 
sponse to the request of the Associates who want some place in the Laboratory 
where they can meet. These friends will constitute an increasingly important part 
of our membership. 

A part of the Devil’s Lane Tract is now open, and roads through it have been 
constructed. Thus far 8 lots have been purchased by members of the Corporation. 
Now that all lots in the Gansett tract are sold, this new area is the only Laboratory 
property which is available to investigators who want to solve the housing problem 
by owning their own homes. 

3. The Lalor Fellowships 

Through the generosity and cooperation of the Lalor Foundation this Labora- 
tory, during the next five years, can offer to well prepared young investigators, a 
place to work, adequate equipment, and funds sufficient for their living and travel- 
ling expenses. The Fellows will work primarily in the fields of Biophysics, Bio- 
chemistry, and Physiological Chemistry, but other fields are not excluded. Dr. 
Metz who conducted the negotiations with Dr. Burdick of the Lalor Foundation 
is to be congratulated on their successful conclusion. 

4. Gifts 

The Laboratory acknowledges with sincere thanks gifts from the following 
donors : 

The Associates : $1,070 for the purchase of special apparatus. 

Mrs. Murray Crane: A $1,000 bond, the proceeds of which have been used to 
purchase special apparatus. 

Dr. W. D. Curtis : $100 for carpenter shop equipment. 

Dr. A. C, Redfield: $100 for trees and shrubs, 

Mr. Laurence Sa'unders : $200 for the bathing beach raft. 

5. Losses hy Death 

The Laboratory has lost by death, since the last meeting of the Trustees, five 
men, three of whom were closely associated with the institution for more than 50 
years. 

Prof. William B. Scott, member of the Corporation since 1890; elected Trustee 
in 1897; Emeritus, 1931. 

Prof. Robert A. Harper, Corporation member since 1891 ; Trustee from 1911 
until his retirement in 1926 when he became Emeritus. 

Mr. George M. Gray, laboratory assistant in 1891 ; full time manager of the 
Supply Department from 1899 until his retirement in 1933. 

Prof. Herbert S. Jennings, Trustee from 1905 to 1938, when he was elected 
Trustee Emeritus. 

Prof. Samuel O. Mast, Trustee from 1936 to 1943 ; Trustee Emeritus until his 
death- 

We honor the memory of these men who through many years greatly helped in 
the development of this Laboratory. 
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6. Election of Trustees 

At the Meeting of the Corporation on August 13, 1946, the following trustees 
were elected : 


Class of 1950 


D. E. S. Brown 
D. P. Costello 
M. H. Jacobs 
D. M. Marsland 


A. K. Parpart 
F. Schrader 

H. B. Steinbach 

B. H. Willier 


Class of 1949 

F. A. Brown, Jr., to replace W. C. Curtis retired 
Trustee Emeritus 
W. C. Curtis 

7. There are appended as parts of this report 

1. Memorials to Dr. T. H. Morgan and C. E. McClung. 

2. The Staff. 

3. Investigators and Students. 

4. Tabular View of Attendance. 

5. Subscribing and Cooperating Institutions. 

6. Evening Lectures. 

7. Shorter Scientific Papers (Seminars). 

8. Members of the Corporation. 

Respectfully submitted, 

Charles Packard, 

Director 


1.* Memorials to Deceased Trustees 
Thomas Hunt Morgan, 1866-1945 
by E. G. Conklin 

In the death of T. H. Morgan at Pasadena, California, on December 4, 1945, 
the world of science lost one of its foremost students of Experimental Zoology and 
Genetics, and the Marine Biological Laboratory one of its earliest and most eminent 
members. He was bom at Lexington, Kentucky, September 25, 1866, member of 
a family distinguished in American history for patriotic and military achievements. 
He graduated from the University of Kentucky in 1886 with the degree of B.S. and 
was given the M.S. D^ree in 1887. In the summer of 1886 he was a student at 
the marine laboratory at Annisquam, Massachusetts, during the last session of that 
laboratory, which was the immediate predecessor of the Woods Hole Marine Biologi- 
cal Laboratory. Thus he was the last surviving personal link between the Annis- 
quam and the Woods Hole Laboratories. The Annisquam Laboratory was not 
widely known, although it was the successor through its founder, Alpheus Hyatt, of 
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the famous but short-lived laboratory established by Louis Agassiz at Penikese 
Island in 1872. It would be interesting to leam how Morgan, immediately after his 
undergraduate course, came to attend this last session of the Annisquam Laboratory, 
but the fact of his attendance is evidence of his early interest in marine biology. 

In the fall of 1886 he entered the Johns Hopkins University as a graduate student 
in the department of biology taking morphology under \V. K. Brooks as his major 
subject and physiology under H. Newell Martin as his minor. His superior quali- 
ties were soon recognized by his appointment as teaching assistant during his first 
two years and by the University fellowship in biology during his third year. He 
received the Ph.D. degree in 1890 and was at once appointed to the Adam Bruce 
post-doctoral fellowship for the following year, part of which he spent on research 
expeditions in the Bahamas and Jamaica. 

On his return from the West Indies in 1891 he was appointed Associate Professor 
of Biology at Br 3 ni Mawr College, in succession to Professor E. B. Wilson who had 
been called to Columbia University. Morgan remained at 'Bryn Mawr as Associate 
Professor and Professor until 1904, when he was appointed Professor of Experi- 
mental Zoology at Columbia, where he remained for 24 years, during which his 
research work in genetics received world-wide recognition and, together with that 
of his students and associates, led to many fundamental discoveries regarding the 
mechanism of heredity and sex. Finally in 1928 he accepted the position of Pro- 
fessor of Biology and Director of the Wm. G. Kerckhoff Laboratories of Biology at 
the California Institute at Pasadena, where he remained for the balance of his life. 

From his first acquaintance with marine biology at Annisquam to the end of his 
life Morgan Svas closely associated with marine laboratories, especially during his 
summer vacations. In 1888 and 1889, while still a graduate student, he occupied 
the Johns Hopkins Table at the laboratory of the U, S. Fish Commission at Woods 
Hole. Those were the first two years of the !M. B. L. and although he is not listed 
as a member of this new laboratory for those years, he was closely associated with it 
from its beginning, for relations between these two Woods Hole laboratories in those 
days of few workers were very intimate. In 1890 Morgan became an active member 
of the M. B. L., occupied a room in the laboratory, gave lectures in the Zoology 
course, and one of the evening lectures, and became a member of the Corporation. 
In 1899 he became a life member, in 1897 a trustee and in 1936 trustee emeritus. 
During this long official connection, extending over 55 years, he was always an active 
collaborator in the plans and work of the laboratory, and was one of its most produc- 
tive and inspiring investigators. He was for many years a member of the Executive 
Committee as well as of other special committees and his judgment and cooperation 
had much to do in shaping policy. Although he believed that once the laboratory 
was well endowed it should abandon teaching and devote all its resources to research, 
he nevertheless cooperated in the past and present policy of combining both teaching 
and research. In his earlier years here he lectured in some of the courses, and 
throughout his connection with the laboratory he served as a member of ihe Staff 
of Investigation” and supervised the work of many research students. His general 
lectures to the whole laboratory were many and notable summaries of his research 
work. Sixteen such ‘‘Evening Lectures” are listed in the Annual Reports of the 
Laboratory and many of these were published in the former series of Biological Lee- 
tures or in the later Biological Bulletin, 
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He was rarely absent from the sessions of this laboratory, except in 1894, 1895 
and 1900 when he was at the Zoological Station in Naples. Even after his chief 
interests had turned from experiments on marine animals to the genetics of insects 
he continued to come to Woods Hole summers, transporting his material and con- 
tinuing his work here. And after his removal to California he and Mrs. Morgan 
continued to make the long journey to Woods Hole every summer until prevented 
by war conditions in the past two years. In California he made frequent visits to 
the marine laboratory of the California Institute at Corona del Mar, which he had 
established, and his last work there was done last summer on “Normal and Abnormal 
Development of the Eggs of Ciona” and was published about a month after his death. 

When he was a student at Johns Hopkins, morphology, which was his chief sub- 
ject, consisted largely of observ^ational rather than experimental work and was cen- 
tered to a large extent on the embryology of various classes of animals with the 
primary purpose of determining their phylogeny and relationships. ' Morgan’s early 
researches were of this sort. By the time he had taken his Ph.D. he had finished 
eight papers and in the two following years he published eight more on this general 
theme. After 1892 he published no papers that were not experimental or anal 3 rtical. 
This sudden change in his interests was due in large part to associations formed and 
interests aroused at Woods Hole and at the Naples Zoological Station. His experi- 
ments at Woods Hole began on teleost and echinoderm eggs in 1893, and at Naples 
in 1894 he collaborated with Hans Driesch on the embryolgoy of ctenophores and 
began experiments on many other groups. Thereafter he was always interested in 
the factors controlling development and always had some work going on that subject 
even when he was more deeply involved in other projects. In all he published about 
sixty papers and three books on the experimental embryology of animals belonging 
to ten different phyla or classes. Another field in which he did an enormous amount 
of work is regeneration, on which he published about forty papers and two books, 
on some eight classes of animals. 

About the time of his removal to Columbia University in 1904 he began work on 
general C 3 rtology and especially on the cytology of sex determination. This led to 
extensive studies on the C 3 rtological basis of peculiar sex ratios in parthenogenesis 
and on non-t 3 q)ical Mendelian ratios in general. Here also may be classed his stud- 
ies on sex-limited and sex-linked heredity together with the causes of secondary 
sexual characters, as well as his numerous papers on fertility and sterility, which 
continued intermittently until the end of his life. In this field he published some 
fifty papers and two books. 

Finally in the general field of Mendelism, mutations, and the “constitution of 
the germ plasm,” he published either individually or in collaboration with assistants, 
about one hundred and twenty-five papers and ten books. Other publications of a 
more general character, such as those on evolution, natural selection, reviews, and 
biographies, bring the total number of his publications, as listed in the bound volumes 
of his reprints in our library and in unbound separates since 1937, to three hundred 
and seventy separate titles, of which twenty-four are books, some of which are trans- 
lations into the Dutch, German, Spanish and Russian languages. 

This long list of Morgan’s published work on a great variety of subjects throws 
light on many of his personal characteristics. His biological interests were very 
extensive and he was extraordinarily alert in picking up new leads in research. He 
worked with great intensity and rapidity and published his journal articles promptly. 
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and sometimes without adequate caution ; as a result he often made mistakes. His 
laboratory room was always open to callers, but unless their business was important 
he did not permit them to interrupt his work. He would go right on with what he 
was doing and would answer questions without looking up from his microscope or 
dishes. But he was always cordial and helpful and if the business were important he 
would give it prompt attention. In more leisurely moments he loved to joke and 
gossip and was gay and full of fun, but in the laboratory he usually kept right on -with 
his work. On one occasion during the first World War I wandered into his room 
and said, “This War is getting terrible.'* Without looking up he replied, “What 
war?” And yet he was as anxious as anyone about the course of events. He dwelt 
in no “ivory tower,” but just then he was most interested in counting flies. I think 
I have never known any other man who wasted so little time. His work was his life. 

He could do good work with the most primitive accommodations and instru- 
ments, and he cared little for show and finesse. His work room and table and 
aquaria might be crowded and apparently disorderly but he usually knew just w’here 
to put his hand on what he wanted. His microscope slides and bottles and dishes 
might be crudely labelled but they served his purpose. In short, he wasted no time 
on needless techniques but went as directly as possible to the results which he sought. 

He disliked organizational and committee work, which is often a great waste of 
time, but in really important matters he took an active and important part, as in the 
affairs of the Marine Biological Laboratory, the American support of the Naples 
Station, the founding of the Journal of Experimental Zoology, and many other 
institutional and professional matters. In a halting and confused situation no one 
could be more helpful than he, for with lightening-like rapidity he would isolate the 
main issues from minor ones and go straight to a logical conclusion. His judgment 
of men was especially sound and forthright and he did not allow it to be warped by 
personal sentiments. But he was genuinely kind and affectionate with family, 
friends, students and associates, and no one learned, except by chance, of his many 
kindnesses and contributions to persons and institutions. I forbear to say more on 
this subject out of respect to his well known wishes. 

He received abundant recognition and honors from many universities and scien- 
tific societies in America and foreign countries; he was president of our leading 
biological and zoological societies as well as of the more inclusive American Associ- 
ation for the Advancement of Science and the more exclusive National Academy of 
Sciences ; he was a foreign member of tlie Royal Society and the one and only Ameri- 
can zoologist to receive the Nobel Award; but these honors never changed in any 
respect his sincere and modest behavior. 

When he began his epoch-making work on Drosophila who could have predicted 
the amazing discoveries which would be revealed in the course of a few years ! It 
had been customary among students of heredity, following Weismann, to speak of 
“the architecture of the germ plasm,” but practically nothing was known of that 
architecture except its location in the germ cells. After the work of Morgan and 
his associates that architecture became a detailed plan with precise location of heredi- 
tary factors or genes in chromosome maps, and in turn these maps led to funda- 
mental discoveries in the phenomena of heredity itself. In this work he had the 
invaluable assistance of students who became his assistants and associates, and his 
judgment of men was never shown better than in his selection of these associates. 
Together they made an extraordinary team, working in harmonious cooperation and 
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in a spirit of great adventure. ^Morgan was the leader of this team and he received 
chief recognition and honor for their important discoveries but he always gave full 
credit to his associates and shared his honors with them. And now this great leader 
and discoverer is gone from among us but his work and inspiration will remain with 
us and with future generations. 

Professor C, E. McCliing 
April 5, 1870 to January 17, 1946 
by F. R. Lillie 

It is difficult, and indeed impossible in a short space, to do justice to the many- 
sided life of McClung. Here we record our sorrow and sense of loss to our own 
institution and express our gratitude for the many services that he rendered us. A 
graduate in Pharmacology of the University of Kansas in 1892, he received his A.B. 
Degree there in 1896 and, after study elsewhere, his Ph.D. Degree in 1902. He 
served as head of the department of Zoology at the University of Kansas until he 
succeeded the lamented Thomas H. Montgomery at the University of Pennsylvania 
in 1912. He continued unbroken Ivlontgomery’s loyalty and devotion to the M. B. L. 
and was elected a member of the Corporation and Trustee in 1913. With the excep- 
tion of the year 1934 when he was visiting professor at Keio University in Tokyo, 
his membership was continuous until his death. 

His first appearance at this Laboratory was as investigator and instructor in 
Embryology in 1903. Thereafter he was occupied in the work of the University of 
Kansas until his appointment at the University of Pennsylvania. He was then ap- 
pointed on the M. B. L. staff of investigations and served throughout his life assisting 
not only his own students but many others who sought his advice. He also became 
interested in the library and served as Chairman of the Library Committee from 
1923 to 1933 during the great development of the library after the erection of the 
main building in 1924 ; he was especially helpful when the General Education Board 
in 1925 presented $50,000.00 to be expended over a period of five years for purchase 
of books, periodicals and pamphlets, and in 1929 $200,000.00 for endowment of the 
library. 

After the erection of the Crane Laboratory in 1913, the Laboratory rapidly be- 
came over-crowded again, and in 1919 the trustees decided that steps should be 
taken to provide construction and endowment that should be adequate to meet the 
requirements of a generation of biologists. One of the first steps toward this pro- 
gram was to approacli the National Research Council through Dr. McQung, Chair- 
man of the Division of Biology and Agriculture. He was instrumental in the ap- 
pointment of a committee of his division to report on the situation. Their favorable 
report was approved by the Executive Board of the Council. This encouraged the 
presentation of the matter to the Rockefeller Foundation, and the raising of the 
funds for the great plan was spon well under way. Dr. McClung was also helpful 
at the laboratory from the start of the new plans. The arrangement of the large 
lecture room, which has proved so successful, was his suggestion. 

Many of us remember Dr. McClung*s kindliness, simplicity of character and 
ftiendliness. These qualities were displayed in many way in the social life of Woods 
Hole; thuSy he served as President of the M. B. L. Tennis Qub and also of the 
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M. B. L. Club, the social club of the students and investigators. Such activities, 
however, never detracted from his main interests in researcli, and a significant part 
of his most famous investigations on chromosomes was carried on here. 

He was a member of the National Academy of Sciences, of the American Philo- 
sophical Society and of numerous national biological societies, and in most of them 
occupied positions of trust and influence at various times. He was indeed a conse- 
crated man of science ! His memory will long endure. 

2 . The Staff, 1946 

Charles Packard, Director, Marine Biological Laboratory, Woods Hole, Massachusetts. 

Senior Staff of Investigation 

E. G. Conklin, Professor of Zoology, Emeritus, Princeton University. 

Frank R. Lillie, Professor of Embryology, Emeritus, The University of Chicago. 
Ralph S. Lillie, Professor of General Physiology, Emeritus, The University of Chicago. 

S. O. Mast, Professor of Zoology, Emeritus, Johns Hopkins University. 

A. P. Mathews, Professor of Biochemistry, Emeritus, University of Cincinnati. 

G. H. Parker, Professor of Zoology, Emeritus, Harvard University. 

ZOOLOGY 

I. Consultants 

T. H. Bissonnette, Professor of Biology, Trinity College. 

L. L. Woodruff, Professor of Protozoology, Yale University. 

II. Instructors 

F, A. Brown, Associate Professor of Zoolc^, Northwestern University, in charge of 

course. 

T. H. Bullock, Assistant Professor of Neurology University of Missouri Medical School. 
W. D. Burbanck, Associate Professor of Biology, Drury College. 

C. G. Goodchild, Professor of Biology, Southwest Missouri State Teachers College. 
John H. Lochhead, Instructor in Zoology, University of Vermont. 

Madelene E. Pierce, Assistant Professor of Zoology, Vassar College. 

W. M. Reid, Assistant Professor of Biology, Monmouth College. 

Mary D. Rogick, Professor of Biology, College of New Rochelle. 

III. Laboratory Assistant 
Antoin Baca, Duke University Medical School. 

EMBRYOLOGY 

I. Consultants 

H. B. Goodrich, Professor of Biology, Wesleyan University. 

II. Instructors 

Donald P. Costello, Professor of Zoology, University of North Carolina, in charge 
of course. 

Howard L. Hamilton, Assistant Professor of Zoology, Iowa State College. 
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John A. ^Ioore, Assistant Professor of Zoology, Barnard College. 

Albert Tyler, Assistant Professor of Embryology, California Institute of Technology. 

III. Research Assistant 

Marjorie Hopkins Fox, University of California. 

IV. Laboratory Assistants 

Catherine Henley, The Johns Hopkins University. 

Eleanor Lerner, Washington University. 

PHYSIOLOGY 

I. Consultants 

William R, Amberson, Professor of Physiology, University of Maryland, School of 
Medicine. 

Harold C. Bradley, Professor of Physiological Chemistry, University of Wisconsin. 
Walter E. Garrey, Professor of Physiology, Vanderbilt University Medical School. 
Merkel H. Jacobs, Professor of Physiology, University of Pennsylvania. 

II. Instructors 

Arthur K. Parpart, Associate Professor of Biology, Princeton Universtiy, in charge 
of course. 

E. S. Guzman Barron, Associate Professor of Biochemistry, The University of 
Chicago. 

Edward Chambers, New York City. 

Aurin M. Chase, Assistant Professor of Biology, Princeton University. 

Arthur C. Giese, Associate Professor of Biology, Stanford University. 

Rudolph T. Kempton, Professor of Zoology, Vasser College (absent in 1946). 

Robert Ramsey, Associate Professor of Physiology, Medical College of Virginia. 


BOTANY 

I. Consultants 

S. C. Brooks, Professor of Zoology, University of California, 

II. Instructors 

Maxwell S. Doty, Instructor of Botany, Northwestern University. 

Hannah Croasdale, Dartmoutli College. 

EXPERIMENTAL RADIOLOGY 

G. Failla, College of Physicians and Surgeons, Columbia University. 

L. Robinson Hyde, Phillips Exeter Academy, Exeter, N. H. 

LIBRARY 

Priscilla B. Montgomery (Mrs, Thomas H. Montgomery, Jr.), Librarian 
Deborah Lawrence, Assistant Librarian 
Mrs. Elon Jessup Mary A. Rohan 
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APPARATUS DEPARTMENT 

E. P. Little, Phillips Exeter Academy, Exeter, N, H,, Manager 
J. D. Graham Dorothy LeFevre 

CHEMICAL DEPARTMENT 

E. P. Little, Phillips Exeter Academy, Exeter, N. H., Manager 

SUPPLY DEPARTMENT 

James McInnis, Manager 
D. J. ZiNN, Naturalist 

Ruth Crowell Grace M . Witzell 

M. B. Gray W. E. Kahler F. N. Whitman 

A. M, Hilton G. Lehy 

GENERAL OFFICE 

F. M. MacNaught, Business Manager 
Polly L. Crowell IMrs. Lila S. Myers 

GENERAL MAINTENANCE 
T. E. Larkin, Superintendent 

W. C. Hemenway G. T. Nickelson, Jr. 

R. W. Kahler T. E. Tawell 

A. J. Pierce 

THE GEORGE M. GRAY MUSEUM 
George M. Gray, Curator Emeritus 

3. Investigators and Students 
Independent Investigators, 1946 

Abell, Richard G., Assistant Professor of Anatomy, University of Pennsylvania. 

Addison, William H. F., Professor of Normal Histology and Embryology, University of 
Pennsylvania. 

Anderson, Rubert S., Assistant Professor of Physiology, University of Maryland. 
Anfinsen, Christian B., Instructor in Biological Chemistry, Harvard Medical SchooL 
Armstrong, Philip B., Professor of Anatomy, College of Medicine, Syracuse University. 
Ball, Eric G., Associate Professor of Biological Chemistry, Harvard Medical School. 

Barron, E. S. Guzman, Associate Professor of Biochemistry, University of Chicago. 
Bartlett, James H., Professor of Theoretical Physics, University of Illinois. 

Berger, Charles A., Director, Biological Laboratory, Fordham University. 

Bevelander, Gerrit, Associate Professor of Anatomy, New York University. 

Bliss, Alfred F., Instructor in Physiology and Pharmacology, Albany Medical College. 
Boeix, Edgar J., Associate Professor of Biology, Yale University. 

Bonner, John T., Junior Fellow, Harvard University. 

Bridgman, Josephine, Associate Professor of Biology, Limestone College. 

Brink, Frank, Jr., Research Associate, Johnson Foundation, University of Pennsylvania. 
Brooks, Matilda M., Research Associate in Biolo^, University of California. 

Brooks, Sumner C., Professor of Zoology, University of California. 

Brown, Dugald E. S., Professor of Physiology, New York University. 

Brown, Frank A., Jr., Associate Professor of Zoology, Northwestern University, 
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Brownell, Katherine A., Research Associate, Ohio State University. 

Buck, John, National Institute of Health, Bethesda, Marj'land. 

Budington, Robert A,, Professor of Zoology, Emeritus, Oberlin College. 

Bullock, Theodore H., Assistant Professor of Anatomy, University of Missouri. 

Burbanck, William D., Professor of Biology, Drury College. 

Burkholder, Paul R., Professor of Botany, Yale University, 

Cannan, R. Keith, Professor of Chemistry, New York University. 

Chambers, Robert, Research Professor of Biology, New York University. 

Chase, Aurin M., Assistant Professor of Biology, Princeton University. 

Cheney, Ralph Holt, Chairman of Biology Department, Long Island University. 
Chrystall, Frieda L., Teacher of Biology, Julia Richman High School. 

Claff, C. Lloyd, Research Fellow in Surgerj', Harvard Medical School. 

Clark, Eleanor Linton, Voluntary Research Worker, University of Pennsylvania. 

Clark, Eliot R., Professor of Anatomy, University of Pennsylvania School of Medicine. 
Clement, A. C., Associate Professor of Biology, College of Charleston. 

Clowes, G. H. A., Research Director, Emeritus, Eli Lilly and Company. 

Cole, Kenneth S., Professor of Biophysics, University of Chicago. 

Conklin, Edwin G., Professor of Biology, Emeritus, Princeton University. 

Cooper, Kenneth W., Associate Professor of Biology, Princeton University. 

Copeland, D. Eugene, Assistant Professor of Zoology, Brown University. 

Copley, Alfred E., Research Associate, Mount Sinai Hospital. 

Costello, Donald P., Professor of Zoology, University of North Carolina. 

Croasdale, Hannah T., Technical Assistant, Dartmouth College. 

Crouse, Helen V., Research Associate in Zoology, University of Pennsylvania. 

Crowell, Sears, Associate Professor of Zoology, Miami University. 

Curtis, W. C., Professor of Zoology, University of Missouri. 

Dalcq, Albert M., Head of Anatomy and Embryology, Faculty of Medicine, Brussels. 

Dalton, Howard C., Instructor in Biology, Brown University. 

Dean, Helen W., Department of Anatomy, Harvard Medical School, 

PnxER, Irene Corey, Research Cytologist, Institute for Cancer Research, Lankinau Hospital. 
Doty, Maxwell S., Instructor in Botany, Northwestern University. 

Dumm, Mary E., Instructor in Chemistry, New York University Medical College. 

Ellinger, Tags U. H., Professor of Zoology, Howard University. 

Erdman, J. Gordon, Fellow, Mellon Institute of Industrial Research. 

Failla, G., Professor of Radiology, Columbia University. 

Figge, Frank H. J., Associate Professor of Anatomy, University of Maryland School of Medi- 
cine. 

Fiske, Virginia Mayo, Instructor in Zoology, Wellesley College. 

Frisch, John A., Professor of Biology, Canisius College, 

Froehlich, Alfred, Associate, May Institute for Medical Research, 

Furth, Jacob, Professor of Pathology, Cornell University Medical College. 

Garrey, Walter E., Professor of Physiology, Emeritus, Vanderbilt University. 

Giese, Arthur C, Associate Professor of Biology, Stanford University. 

Gilbert, Perry W., Assistant Professor of Zoology, Cornell University. 

Gilman, Lauren C., Assistant Professor of Zoology, University of South Dakota. 

Glaser, Otto C., Professor of Biology, Amherst College. 

Goodchild, Chauncey G., Professor of Biology, Missouri State College. 

Gould, Harley N., Professor of Biology, H. Sophie Newcomb College. 

Grand, C. G., Research Associate, New York University. 

Gray, I. E., Professor of Zoology, Duke University. 

Gregg, John R., Instructor in Biology, Johns Hopkins University. 

Grundfest, Dr. Harry, Research Associate, Department of Neurology, Columbia University. 
Harding, Clifford V., Assistant in Physiology, Brown University. 

Harnly, Morris H., Associate Professor, Wa^ington Square College, 

Hartman, Frank A., Professor and Chairman, Department of Physiology, Ohio State Univer- 
sity. 

Harvey, Ethel Browne, Independent Investigator, Princeton University. 

Harvey, E. Newton, Professor of Physiology, Princeton University. 
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Haywood, Charlotte, Professor of Physiolo^, Mount Holyoke College. 

Heilbrunn, L. y., Professor of Zoology, University of Pennsylvania. 

Hibbard, Hope, Professor of Zoology’, Oberlin College. 

Hopkins, Hoyt S., Associate Professor of Physiology, New York University. 

Hunter, Francis Robert, Assistant Professor of Zoology, University of Oklahoma.. 
Hutchings, Lois M., Instructor in Biology, New York University. 

Ifft, John D., Assistant Professor of Biology, Simmons College. 

Jacobs, M. H., Professor of General Physiology, University of Pennsylvania. 

Jakus, Marie A., Research Associate in Biology, Massachusetts Institute of Technology, 
Jenkins, George B., Professor of Anatomy, Emeritus, George Washington University. 
Jerome, Sister Francis, Instructor, Ohio State University. 

Johlin, J. M., Associate Professor of Biochemistry, Vanderbilt Medical School. 

Kaan, Helen W., Associate Professor of Zoology, Wellesley College. 

Kemp, Margaret, Assistant Professor of Botany, Smith College. 

Kemp, Norman E., Instructor in Biology, Wayne University. 

Kindred, James E., Professor of Anatomy, University of Virginia. 

Klein holz, Lewis H., Guggenheim Fellow, Harvard University. 

Klotz, John W., Instructor in Biology, Concordia Teachers College. 

Kreezer, George L., Guggenheim Fellow, Princeton University. 

Krugelis, Edith J., Instructor of Zoology, Vassar College. 

Kuntz, Eloise, Assistant in Biology Department, Brown University. 

Lavin, George I„ In charge of Spectroscopic Laboratory, Rockefeller Institute for Medical 
Research. 

LAZAkow, Arnold, Instructor in Anatomy, Western Reserve Medical School. 

LeFevre, Paul G., Instructor in Physiology, University of Vermont, College of Medicine. 
Lillie, Ralph S., Professor of Physiology, Emeritus, The University of Chicago. 

Lilly, Daniel M., Assistant Professor in Biology, Providence College. 

Llana, Dr. Alfred H., Assistant Director, University of Chile. 

Lochhead, John H., Assistant Professor of Zoology, University of Vermont 
Lucre, Balduin, Professor of Pathology, University of Pennsylvania School of Medicine. 
Lynch, Rev. Wm. F., Teaching Fellow, New York University. 

Manginelli, Piero, Assistant Faculdade de Medicina, Sao Paulo, Brazil. 

Marinelli, Leonides D., Physicist Memorial Hospital. 

Marmont, George H., Assistant Professor of Biophysics, University of Chicago. 

Marsland, Douglas, Associate Professor of Biology, New York University. 

Mast, S. O., Professor of Zoology, Emeritus, Johns Hopkins University. 

Mathews, Albert P., Professor of Biochemistry, Emeritus, University of Cincinnati. 

Mendes, Erasmo Garcia, Assistant Professor, University of Sao Paulo, Brazil. 

Menkin, Valy, Assistant Professor of Pathology, Duke University School of Medicine. 

Metz, Charles W., Director, Zoological Laboratory, University of Pennsylvania. 

Moore, John A., Assistant Professor of Zoology, Barnard College. 

Nachmansohn, David, Research Associate in Neurology, Columbia University. 

Nelson, Leonard, Independent Investigator, University of Pennsylvania. 

Northrop, John H., Member of the Institute, Rockefeller Institute for Medical Research. 
Oppenheimer, Jane M., Assistant Professor of Biology, Bryn Mawr College. 

Ormsbee, Richard A., Associate, Sloan-Kettering Institute, Memorial Hospital. 

Orr, Paul R., Assistant Professor, Brooklyn College. 

OsTER, Robert H., Professor of Physiology, University of Maryland School of Medicine. 
OsTERHOUT, W. J. V., Member Emeritus, Rockefeller Institute for Medical Research. 

Palade, George, Assistant Department of Anatomy, University of Bucharest, Rumania. • 
Parpart, Arthur K, Professor of Biology, Princeton University. 

Pierce, Madelene E., Associate Professor of Zoology, Vassar College. 

Pierson, Bernice F., Independent Investigator, Johns Hopkins University. 

Plough, Harold H., Professor of Biology, Amherst College. 

Poxjlson, D. F., Assistant Professor of Biology, Yale University. 

Rakestraw, Norris W., Research Associate, Woods Hole Oceanographic Institute. 

Ramsey, Robert W., Associate Professor' of Physiology, Medical College of Virginia. 
Rankin, John S., Assistant Professor of Zoology, University of Connecticut. 
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Reid, W. Malcolm, Head of Biology Department, Monmouth College. 

Reinhard, Edward G., Professor of Biology and Head of Department, Catholic University of 
America. 

Ris, Hans, Assistant in Physiolog}', Rockefeller Institute. 

Robbie, Wilbur A., Research Associate, State University of Iowa. 

Rogick, Mary Dora, Professor of Biology, College of New Rochelle. 

Ryan, Francis, Assistant Professor of Zoology, Columbia University. 

Schaeffer, A. A., Chairman Department of Biology, Temple University. 

ScHAREER, Ernst, Associate Professor of Anatomy, University of Colorado School of Medicine. 
Schmidt, Gerhard, Senior Research Fellow in Medicine, Tirfts College Medical School. 
ScHNEYER, Leon H., Instructor, New York University Dental College. 

Scott, Sister Florence Marie, Professor of Biology, Seton Hill College. 

Shanes, Abraham M., Assistant Professor of Physiology, New York University College of 
Dentistry. 

Shereshefsky, J. Leon, Professor of Physical Chemistry, Howard University. 

SiCHEL, Dr. F., Professor of Physiology, University of Vermont College of Medicine. 

Slifer, Eleanor H., Assistant Professor of Zoology, State University of Iowa. 

Steinbach, H. B., Associate Professor of Zoology, Washington University. 

Stewart, Dorothy R., Research Associate in Physiology, University of Pemisylvania Medical 
School. 

Stokey, Alma G., Professor of Botany, Emeritus, Mount Holyoke College. 

Stunkard, Horace H., Professor of Biology, New York University. 

Sturtevant, Alfred H., Professor of Genetics, California Institute of Technology. 

Taft, Charles H., Associate Professor of Pharmacology, University of Texas. 

Taylor, Wm. Randolph, Professor of Botany, University of Michigan. 

TeWinkel, Lois E., Associate Professor of Zoology, Smith College. 

Thompson, Betty F., Instructor in Botany, Connecticut College for Women. 

Todd, Edgar W,, Visiting Investigator, Rockefeller Institute. 

Tracy, Henry C., Professor of Anatomy, University of Kansas. 

Tyler, Albert, Assistant Professor of Embryology, California Institute of Technology. 

VnxEE, Claude A., Instructor in Biological Chemistry, Harvard Medical School. 

Wainio, Walter W., Assistant Professor, New York University College of Dentistry. 
Warner, Robert C., Assistant Professor of Chemistry, New York University College of 
MecHdne. 

Weber, Neal A., Associate Professor of Anatomy, University of North Dakota. 

Weiss, Dr Paul, Professor of Zoology, University of Chicago. 

Wenrich, D. H., Professor of Zoology, University of Pennsylvania. 

Whiting, Anna R., Instructor in Zoology, University of Pennsylvania. 

Whiting, P. W., Associate Professor of Zoology, University of Pennsylvania. 

Wichterman, Ralph, Assistant Professor of Biology, Temple University. 

WiERCiNSKi, Floyd J., Chairman and Professor of Biology, Lewis College of Science and 
Technology. 

Wilber, Charles G., Instructor in Physiology, Fordham University. 

Willier, B. H., Professor of Zoology, Johns Hopkins University. 

Woodward, Arthur A., Jr., Research Assistant in Zoology, University of Pennsylvania. 
Wrinch, Dorothy, Lecturer, Smith College. 

Yntema, Chester L., Assistant Professor of Anatomy, Cornell University Medical College. 

Beginning Investigators, 1946 

Bender, Albert, Investigator, University of Pennsylvania. 

Benedict, Dora, Student, Harvard Medical School. 

Berg, George G., Graduate Student, Columbia University. 

Blumenthal, Gertrude, University of Pennsylvania. 

Brust, Manfred, Teaching Fellow in Biology, Washington Square College. 

Chambers, Edward L., Research Associate, University of California. 

Douglis, Marjorie B., Assistant in Zoology Department, University of Chicago. 

Fisk, Albert A., Brown Fellow in Pathology, Yale University School of Medicine. 
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Goreau, Thomas F., Student, University of Pennsylvania School of Medicine. 

Gould, David, Voluntary Investigator, New York University College of Medicine. 

Green, James W., Graduate Student, Princeton University. 

Greenberg, Ru\t-n, Graduate Student, Ohio State University. 

Gregory, John C., Graduate Student, Yale University. 

Kozam, George, Giaduate Student and Research Assistant, New York University Graduate 
School. 

Lein, Joseph, Graduate Student, Princeton University. 

Lovelace, Roberta, Teaching Fellow, University of North Carolina. 

McLean, Dorothy J., Demonstrator, University of Toronto. 

Moul, Edwin T., Teaching Fellow, University of Pennsylvania. 

Narahara, Hiromichi, Columbia College of Physicians and Surgeons. 

Recknagel, Richard O., Graduate Student, University of Pennsylvania. 

Remond, a.. Research Fellow, Johnson Foundation, University of Pennsylvania. 

Roger, Henry C., Student, Deerfield Academy. 

Roys, Chester C., University of Chicago. 

Sheng, T. C., Graduate Student, Columbia University. 

Taylor, Babette, Graduate Student, Washington University. 

Weiner, Milton H., Student, Western Reserve University. 

Weiss, Michael S., Teaching Fellow in Biology, New York University. 

White, Elizabeth L., Graduate Student, Bryn lilawr College. 

Wilson, T. Hastings, University of Pennsylvania Medical School. 

Wilson, Walter L., Graduate Student, University of Pennsylvania. 

Research Assistants, 1946 

Abram sky, Tess A., Research Assistant, Rockefeller Institute for Medical Research. 
Berman, Marjorie, Research Assistant, Columbia University. 

Burt, Agnes S., Research Assistant, University of Chicago. 

Campbell, Margaret L., Research Assistant, California Institute of Technology. 

Carlson, Francis D., Research Assistant, Johnson Foundation, University of Pennsylvania. 
DeFalco, Rose H., Research Assistant, University of Pennsylvania. 

Dey, Thomas E., Research Assistant, Princeton University. 

Dietz, Alma, Research Assistant, American International College. 

Fox, Marjorie H., Research Fellow, University of California. 

Hopkins, C. Nadine, Graduate Student, Northwestern University. 

Kerschner, Jean, Research Assistant, University of Pennsylvania. 

Lerner, Eleanor, Fellow in Zoology, Washington University. 

Mitchell, Constance, Research Assistant, University of Pennsylvania. 

Mitchell, Robert F., Research Assistant, New York University. 

Norris, Karl H., Electronic Engineer, University of Chicago. 

Rall, Wilfrid, Graduate Fellow in Biophysics, University of Chicago. 

Robbie, Jean, Technical Assistant, Ohio State University. 

Rosen, Mrs. David, Research Assistant, Yale University. 

Rothenberg, Mortimer A., Research Assistant, College of Physicians and Surgeons, New 
York University. 

Serin, B. Goldis, Research Assistant, University of Pennsylvania. 

Ulled, Elias, Research Assistant, Temple University Medical School. 

Vishniac, Wolf, Research Assistant, Washington University. 

Wheeler, Charles B., Part time Instructor, University of Kansas. 

Wnxis, Marian, Research Assistant, University of Pennsylvania. 

Ziegler, Bernice, Laboratory Assistant, Washington University. 

Library Readers, 1946 

Amberson, William R., Professor of Physiology, University of Maryland School of Medi- 
cine, 

Baker, Gladys E., Associate Professor of Plant Science, Vassar College. 

Bennighof, C. L., Assistant Professor, Western Maryland College. 
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Bloch, Robert, Research Associate in Botany, Yale University. 

Blum, Harold F., Guggenheim Fellow. 

Bocher, Carol A., Research Assistant, The Johns Hopkins University. 

Cassidy, Harold G., Assistant Professor of Chemistry, Yale University. 

Cox, Edward H., Professor of Chemistry, Swarthmore College. 

Dische, Zacharias, Visiting Scholar, College of Physicians and Surgeons, New York 
University. 

Friedemann, Ulrich, Head of Department of Bacteriology, Jewish Hospital, Brooklyn. 
Fries, E. F. B., Assistant Professor of Biology, City College of New York. 

Gates, R. R., Professor of Botany Emeritus, University of London. 

Grant, Madeline P., Member Science Faculty, Sarah Lawrence College. 

Gudernatsch, Frederick, \"isiting Professor, New York University. 

Gurewich, Vladimir, Assistant \"isiting Physician, Bellevue Hospit^. 

Hamilton, Howard L., Assistant Professor of Zoology, Iowa State College. 

Keller, Rudolph, Researcher, The Robinson Foundation, Inc. 

Krasnow, Frances, Head of Department of Research, Guggenheim Dental Foundation. 
Loewi, Otto, Research Professor of Pharmacology, New York University College of 
Medicine. 

Low, Eva M., Graduate Student, Yale University. 

Lowenstein, Otto, Clinical Professor of Neurology, New York University College of 
Medicine. 

McDonald, Sister Elizabeth Seton, Professor of Biology, College of Mt. Saint Joseph- 
on-the-Ohio. 

Mavor, James Watt, Research Professor of Biology, Union College. 

Meyerhof, Otto, Research Professor of Biochemistry, University of Pennsylvania. 

Morris, Samuel 

Moschcowitz, Eli, Assistant Professor Chemical Medicine, Columbia University. . 

Ponder, Eric, Research Investigator, The Nassau Hospital, 

Price, Winston H., Research Assistant, Washington University Medical School. 

Sandow, Alexander, Assistant Professor of Biology, New York University, Washington 
Square College. 

Savage, Leonard J., Special Rockefeller Fellow, University of Chicago. 

ScHRANK, A. R., Assistant Professor of Physiology, University of Texas. 

Shwartzman, Gregory, Head of Department of Bacteriology, Mt. Sinai Hospital. 

Speidel, Carl C., Professor of Anatomy, University of Virginia. 

Stern, Kurt G., Adjunct Professor of Biochemistry, Polytechnic Institute of Brooklyn. 
Straus, William L., Jr., Associate Professor of Anatomy, Johns Hopkins University. 
White, Michael J. D., Reader in Zoology, University College, London. 

WiNSOR, Charles P., Assistant Professor of Biology, Johns Hopkins School of Hygiene. 
ZoRZOLi, Anita, Instructor in Physiology, Washington University School of Dentistry. 

Students, 1946 
BOTANY 

Clifford, Sister Adele, S. C,, Fordham University. 

Fahey, Elizabeth Mary, Student, Boston University. 

Fraas, Janet Lois, Student, Wheaton College, 

Garnic, Justine, Student, Carnegie Institute of Technology. 

Keeffe, Mary M., Student, Fordham University. 

Torrey, Anna Marsh, Student, Swarthmore College, 

Urquhart, Betty A., Instructor in Botany, Wheaton College, Wheaton, Illinois. 

Vishniac, Wolf, Research Assistant, Washington University. 

Wilson, Marie Ellen, Student, Western Maryland College. 

EMBRYOLOGY 

Banner, Albert H., Assistant Professor, University of Hawaii. 

Parish, Natalie, Student, Goucher College. 
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Bmnsley, Bertram, Graduate Student, New York University. 

Bruch, Paul Robert, Student, Wesleyan University. 

Bucklin, Donald Hartwe^, 124 Woodbine Street, Providence, Rhode Island. 

DiDea, Arthur, Assistant in Zoology, Washington University. 

Ebert, James David, Student, Johns Hopkins University. 

Eisenberg, Norma, Graduate Student, Brooklyn College. 

Fitch, Naomi Selma, Student, McGill University. 

Flood, Rev. Francis X., S. J., Assistant Professor of Biology, Canisius College. 

Friedman, Florence L., Brooklyn College. 

Galbreath, Jean L., Student Assistant, Elmira College. 

Harrison, John W., Graduate Student, Washington and Jefferson College. 

Jones, Alberta S., Student, Howard University. 

Kuff, Edward Louis, Student, Johns Hopkins Medical School. 

Leigh, Walter Henry, Instructor, Chicago City Junior College. 

Liu, Chien-Kang, McGill University. 

Markert, Clement Lawrence, Graduate Assistant, Johns Hopkins University. 

Moore, EiIlen Louise, Student, Wellesley College. 

Morris, David Markland, Jr., Graduate Assistant and Student, Indiana University. 
Mullally, Rev. Walter Bernard, Instructor in Biology, St. Anselm’s College. 

Murtland, Richard Lee, Graduate Student, Washington and Jefferson College. 
Pequegnat, Willis Eugene, Assistant Professor of Zoology, Pomona College. 

ScHECTER, David Edward, McGill University. 

Seaman, Arlene R., Instructor in Zoology, Cornell University. 

Shapiro, Esther May, Student, Goucher College. 

Tatum, Anne, Student, Rosemont College. 

Tiemeier, Otto W,, Graduate Fellow, University of Illinois. 

Tuttle, Ruth Frances, Instructor, Carnegie Institute of Technology. 

Uber, Virginia Mae, Assistant in Biology, Pennsylvania College for Women. 

PHYSIOLOGY 

Abajian, John, Jr., Associate Professor of Anaesthesiology, University of Vermont. 
Benedict, Dora, Student, Harvard Medical School. 

Berg, George G., Graduate Student, Columbia University. 

Clark, Carl Cyrus, Assistant, Columbia University. 

Connelly, Clarence M., Graduate Student, Cancer Fellow, Johnson Foundation. University 
of Pennsylvania. 

Crapster, Wirt Patterson, Student, Taneytown, Maryland. 

Gregg, James H. Graduate Student, University of Miami. 

Gregory, John C., Graduate Student, Yale University. 

Guthe, Karl Frederick, Graduate Student, Harvard University. 

Harting, Janey, Undergraduate Assistant, Washington University. 

Hunter, Francis Robert, Assistant Professor, University of Oklahoma. 

Joftes, David Lion, Graduate Student, Tufts College. 

Johnson, Shirley Alma, Research Assistant, University of Toronto. 

Kemp, Norman Everett, Instructor in Biology, Wayne University. 

Levin, Ilene B., Goucher College. 

Marshall, Jean McElroy, Instructor in Physiology, Mount Holyoke College. 

McPhee, Gwelda S., Assistant in Physiology, Vassar College. 

Mendes, Erasmo Garcia, Assistant Professor, University of Sao Paulo, Brazil. 

Narahara, Hiromichi Tsuda, Columbia University. 

Nelson, Thomas Clifford, Graduate Student, Assistant, Columbia University. 

Roys, Chester C., University of Chicago. 

Saslow, Herbert B., Laboratory Instructor and Graduate Student, University of Illinois. 
Shulman, Nahum Raphael, Student, Johns HojJdns Medical School. 

Silber, Earle, Student, University of Maryland Medical School. 

St. George, Robert C. C., Jr., Graduate Student, Harvard University. 

Umbarger, H. Edwin, 239 West Fifth Street, Mansfield, Ohio, 
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ZOOLOGY 

Amberson, Margaret Mary, Oberlin College. 

Banner, Albert Henry, Assistant Professor of Zoology, University of Hawaii. 

Bergquist, Jeanne Bodin, Barnard College. 

Bernsaw, Margaret Ida, Wilson College. 

Bingham, Barbara Alice, University of Michigan. 

Candelas, Gustavo, Assistant Instructor, University of Puerto Rico. 

Cattell, Elly, Student, Cornell University. 

Chadwick, John B., Harvard University. 

Chivers, Mirian E., Howard University. 

Denton, Winslow Crocker, Graduate assistant. Cornell University. 

Edwards, John Parman, Student, Drury College. 

Ehrentheil, Susanne Judith, Radcliffe College. 

Emerson, Julia Ripley, Student, Wellesley College. 

Enders, Abbie Gertrude, Student, Swarthmore College. 

Feld, Emily Ann, Student, University of North Carolina. 

Ferguson, Edward L., Student, Wesleyan University. 

Foley, Joseph Brendan, Graduate student, Yale University. 

Foreman, Darhl Lois, Student Assistant, George Washington University. 

Fullerton, Ann Elizabeth, Student, Western Maryland College. 

Gehr, Agnes Robbins, Student, Western Reserve University. 

Gese, Edward Charles, Graduate Assistant, New York University. 

Gese, Phyllis Kring, Student, New York University. 

Hackett, Thomas Paul, 573 Purcell Avenue, Cincinnati, Ohio. 

Hand, Cadet Hammond, Jr., Student, University of Connecticut. 

Hopkins, Amos L,, Jr., Student, Harvard College. 

Hopp, William Beecher, Graduate student, Purdue University. 

Humphrey, Judith M., Student, University of Connecticut. 

Jakowska, Sophie, Fordham University. 

Kenyon, V. Patricia, Graduate assistant, Bro^vn University. 

Kramer, David, Clark University. 

Liberti, Alfred V,, Graduate student, Fordham University. 

Liu Chien-Kang, Graduate student, McGill University. 

Machlis, Gertrude Rafferty, Assistant in Zoology, University of Illinois. 

Meinkoth, Norman August, Assistant in Zoology, University of Illinois. 

Mendes, Marta Vannucci, Assistant Professor, University of Sao Paulo. 

Miller, Mary Elizabeth, Student, Western Maryland College. ^ ^ ^ ^ 

Morris, David Markland, Jr., Graduate assistant in Zoology, Indiana University. 
Moulton, James Malcolm, Undergraduate Laboratory assistant, Massachusetts State 
College. 

Peters, Rev. W., Graduate student, Yale University. 

Pollens, Norman Burton, Assistant in Zoology, University of Rochester. 

Rice, Mary Esther, Drew University. 

Robinson, Edwin James, Jr., Graduate assistant. New York University. 

Sanderson, Margaret Crassons, Vassar College. 

Saslow, Herbert B., Graduate assistant, University of Illinois. 

Seitner, Phiup G., Graduate Assistant, Purdue University. 

Smith, Thomas C, Student, Oberlin College. 

Sullivan, Rev. Thomas Donald, Fordham University. 

Swanson, Ann Teresa, Graduate Assistant, Tufts College. 

Thompson, Mary Jane, Graduate student, Yale University. 

VanHoesen, Drusilla, Student, University of Pennsylvania. 

Vivian, Janet, Graduate student, Radcliffe College. 

Warner, Kathleen 'Louise, Instructor, Mundelein College. 

Warters, Mary Ellen, Student, Oberlin College. 

Wetmore, Katherine Beryl, Student, Radcliffe College. 

Williams, Ernest E., Columbia University. 
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1942 

1943 

1944 

1945 

1946 

Investigators — ^Total 

201 

160 

193 

212 

267 

Independent 

132 

89 

112 

138 

175 

Under instruction 

16 

19 

11 

10 

29 

Library readers 

28 

35 

50 

38 

38 

Research assistants 

25 

17 

20 

26 

25 

Students — ^Total 

74 

68 

75 

96 

122 

Zoology 

36 

47 

37 

55 

57 

Embryology 

24 

13 

23 

23 

30 

Physiology 

6 

8 

10 

13 

26 

Botany 

8 



5 

5 

9 

Total Attendance 

Less persons registered as both students and investigators 

275 

2 

273 

228 

6 

222 

276 

1 

275 

308 

389 

Institutions Represented — ^Total 

126 

116 

106 

124 

141 

By investigators 

83 

70 

74 

100 

102 

By students 

43 

41 

41 

49 

56 

Schools and Academies Represented 

By investigators 

2 

2 

1 

2 

2 

By students 

— 

1 

2 

2 

— 

Foreign Institutions Represented 

By investigators 

— 

2 

2 

1 

7 


By students — — 3 — 5 


5, Subscribing and Cooperating Institutions 
1946 

Cooperating Institutions 

Amherst College Ohio State University 


Barnard College 

Bryn Mawr College 

The Catholic University of America 

Columbia University 

Cornell University 

Cornell University Medical College 

Duke University 

Fish and Wild Life Service, U. S. 

Department of the Interior 
Fordham University 
Goucher College 
Harvard University 
Harvard University Medical School 
Johns Hopkins University 
Lankenau Hospital Research Institute 
Eli Lilly and Company 
Massachusetts Institute of Technology 
Mount Holyoke College 
New York University 
New York University College of Me^cine 
New York University School of Dentistry 
New York University, Washington Square 

College 

Oberlin College 


Princeton University 

Rockefeller Institute for Medical Research 

State University of Iowa 

Syracuse University Medical School 

Temple University 

Tufts College 

University of Chicago 

University of Cincinnati 

University of Illinois 

University of Maryland Medical School 

University of Missouri 

University of Pennsylvania 

University of Pennsylvania School of Medicine 

University of Rochester 

Vassar College 

Washington University 

Wellesley College 

Wesleyan University 

Western Reserve Medical School 

Wheaton College 

Wilson College 

Woods Hole Oceanographic Institute 
Yale University 
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Subscribing Institutions 


American Philosophical Society (Penrose 
Fund) 

Biological Institute, Philadelphia, Pennsyl- 
vania 

Brown University 

California Institute of Technology 

Canisius College 

Carnegie Institute of Technology 
College of Mount Joseph-on-the-Ohio 
Connecticut College for Women 
Elmira College 

Johns Hopkins Medical School 

Lewis College of Science and Technology 


Macy Foundation 

Memorial Hospital 

Miami University 

Pomona College 

Radcliffe College 

St. Anselm’s College 

St. Michael’s College 

University of Kansas 

University of Texas 

University of Toronto 

University of Vermont 

\^anderbilt University Medical School 

Western Maryland College 


6. Friday Evening Lectures, 1946 

Friday, June 28 

Dr. Jane Oppenheimer “The Organization of the Teleost Blas- 

toderm.” 

Friday, July S 

Prof. E. N. Harvey “The Effects of High Velocity Missiles on 

Tissue.” 

Friday, July 12 

Dr. Benjamin W. Zweifach “The Relation of Metabolic Derangements 

‘ of Liver and Kidney to Peripheral Vascu- 

lar Reactions.” 

Friday, July 19 

Dr. E, W. Dempsey * “Observations on the Chemical Cytology of 

Several Mammalian Tissues.” 

Friday, July 26 

Prof. K. S. Cole *. **^»» Bomb and Biology.” 

Friday, August 2 

Dr. E. J. Cohn “The Separation of Pla'^ina into Fractions 

Varying in Chemical and Biological 
Properties.” 

Friday, August 9 

Dr. Eric G. Ball “Biochemical Studies on the Malarial Para- 

site.” 

Friday, August 16 

Prof. M. H. Jacobs “Cell Alembranes, Cell Pernleability and 

Cell Volume.” 

Friday, August 23 

Dr. E. J. Boell “Biochemical Differentiation during Am- 

phibian Development.” 


Thursday, July 18 
Kodachrome Motion Picture 
C. Lloyd Claff 


Other Lectures 


“Cardiac Resuscitation — ^Resuscitation 
Method after Asphyxia. Heart Defibril- 
lation to Control Ventricular Fibrillation 
during Heart Surgery.” 
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Thursday, July 25 

Dr. Howard Meyerhof “The Crisis in Science Legislation.” 

Thursday, August 15 

Prof. Harlow Shapley “International ism in Science.” 

Wednesday, August 21 

Prof. J. H. Bartlett “A Possible Mechanism of Nerve Action.” 

Saturday, August 31 

Dr. Pmjl S. Galtsoff “Tlie Atom Bomb Test at Bikini.” 


Tuesday, July 9 
Dr Albert Tyler 


7. 


Dr. W. a. Robbie , 

Dr. J. E. Kindred 

Tuesday, July 16 
Dr. a. F, Bliss . . 
Dr. a. M. Shanes 

Dr. W. H. Price 


Tuesday, July 23 
M. LI. Brooks 


C. L. Vntema 

J T. Bonner 

Tuesday, July 30 
Dr. Ernst Scharrer 

Dr. Claude A. Villee 


Dr. C. B. Anfinsen and 
Dr. E. G. Ball 


Seminars, 1946 

“Inhibition of Fertilization in Sea Urchins 

by means of Univalent Antibodies v&. 
Antifertilizin. 

“The Cyanide Sensitivity of the Unfer- 
tilized Sea Urchin Egg.” 

“The Effects of Mustard Vesicants on the 

Hemopoietic Organs.” 

“Intermediate Steps in the Visual Cycle.” 

“The Role of Metabolism in the Injury 

Potential of Frog Nerv^e.” 

“Adenosine Triphosphatase, Myosine, Actin, 

and their Relation to the Medianico- 
Chemical Coupling of Muscle.” 

“Oxidation-reduction Studies as a Clue to 

the Llechanism of Fertilization of Marine 

Eggs.” 

“An Ang^ysis of Induction of the Auditory 

Vesicle in the Salamander.” 

“Aspects of Morphogenesis in the Slime 

Molds.” 

“Chemical Sense and Taste in the Sea 

Robin, Prionotus.” 

“Studies of the Respiration of the Imaginal 

Discs of Drosophila, using the Cartesian 
Diver Ultramicrorespirometer.” 

“The Action of Naphthaquinone Anti- 

malarials on Respiratory Enzymes.” 


Tuesday, August 6 


Dr. a. R. Whiting 

Dr. H. C. George “X-Ray Induced Visible and Dominant 

Lethal Mutations in Habrobracon Eggs.” 

Dr. P. B. Armstrong “Specificity of Cholin Esterase.” 

Dr. T. H, Bullock “The Giant Synapse in the Stellate Gang- 

lion of the Squid as a Physiological- 
Preparation.” 
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Dr, Berta Scharrer “The Endocrine Function of the Corpora 

allata in Insects.” 


Tuesday, August 13 

Dr. K\th:arine A. Brownell “Evidence of a New Factor from the 

Adrenal.” 

Dr. F. a. Hartman “Hyperactivity of the Adrenal Cortex.” 

Dr. Arnold Lazvrow “Studies on the Mechanism of Production 

of Diabetes with Alloxan.” 

Dr. Dorothy Wrincit “On the Nature of Biological Specificity.” 

Tuesday, August 20 

Dr. C. G. Wilber “A Comparative Study of the Lipids in 

some Marine Annelids.” 

Dr. C. a. Berger “Polyploid Mitosis as a Normal Factor in 

the Development of Allium cepa.” 

Dr. P. W. Whiting “Reproductive Economy in Close-crossed 

Dr. R. G, Schmieder Species witli Haploid Males.” 

Dr. T, U. H. Ellinger “Hippocrates on Semen and on the Origin 

of the Child. 


8. Members of the Corporation, 1946 
1. Life Members 

Allis, Mr. E. P., Jr., Palais Camoles, Menton, France. 

Beckwith, Dr. Cora J., Vassar College, Poughkeepsie, New York. 

Billings, Mr. R. C., 66 Franklin Street, Boston, Massachusetts. 

Calvert, Dr. Philip P., University of Pennsylvania, Philadelphia, Pennsylvania. 
Cole, Dr. Leon J., College of Agriculture, Madison, Wisconsin. 

Conklin, Prof. Edwin G., Princeton University, Princeton, New Jersey. 

CowDRY, Dr. E. V,, Washington*University, St. Louis, Missouri. 

Jackson, Mr. Chas. C., 24 Congress Street, Boston, Massachusetts. 

Jackson, Miss M. C., 88 Marlboro Street, Boston, Massachusetts. 

King, Mr. Chas. A. 

Kingsbury, Prof. B. F., Cornell University, Ithaca, New York. 

Lewis, Prof. W, H., Johns Hopkins University, Baltimore, Maryland. 

Means, Dr. J. H., 15 Qiestnut Street, Boston, Massachusetts. 

Moore, Dr. George T., Missouri Botanical Gardens, St. Louis, Missouri. 

Moore, Dr. J. Percy, University of Pennsylvania, Philadelphia, Pa. 

Morgan, Mrs. T. H., Pasadena, California. 

Noyes, Miss Eva J. 

Porter, Dr. H. C., University of Pennsylvania, Philadelphia, Pennsylvania. 

Scott, Dr. Ernest L., Columbia University, New York City, New York. 

Sears, Dr. Henry F., 86 Beacon Street, Boston, Massachusetts. 

Shedd, Mr. E. a. 

Strong, Dr. O. S., Columbia University, New York City, New York. 

Waite, Prof. F. C., 144 Locust Street, Dover, New Hampshire. 

Wallace, Louise B., 359 Lytton Avenue, Palo Alto, California. 



REPORT OF THE DIRECTOR 


33 


2. Regular Members 

Adams, Dr. A. Elizabeth, Mount Holyoke College, South Hadley, Massachusetts. 
Addison, Dr. W. H. F., University of Pennsylvania Medical School, Philadelphia, 
Pennsylvania. 

Adolph, Dr. Edward F., University of Rochester Medical School, Rochester, New 
York. 

Albaum, Dr. Harry G., Biology Dept., Brookl}’Ti College, Brooklyn, N. Y. 
Albert, Dr. Alexander, Mayo Clinic, Rochester, Minnesota. 

Allee, Dr. W. C., The University of Chicago, Chicago, Illinois. 

Amberson, Dr. William R., Department of Physiology, University of Maryland, 
School of Medicine. 

Anderson, Dr. Rubert S., University of Maryland School of Medicine, Depart- 
ment of Physiology, Baltimore, Maryland. 

Anderson, Dr. T. F., University of Pennsylvania, Philadelphia, Pennsylvania. 
Armstrong, Dr. Philip B., College of Medicine, Syracuse University, Syracuse, 
New York. 

Austin, Dr. Mary L., Wellesley College, Wellesley, Massachusetts. 

Baitsell, Dr. George A., Yale University, New Haven, Connecticut. 

Baker, Dr. H. B., Zoological Laboratory, University of Pennsylvania, Philadelphia, 
Pennsylvania. 

Ballard, Dr. William W., Dartmouth College, Hanover, New Hampshire. 
Ballentine, Dr. Robert, Columbia University, Department of Zoology, New York 

City, New York. . . iir j- 

Ball, Dr. Eric G., Department of Biological Chemistry, Harvard University Medi- 
cal School, Boston, Massachusetts. 

Bard, Prof. Philip, Johns Hopkins Medical School, Baltimore, Ma^land. 

Barron, Dr. E. S. Guzman, Department of Medicine, The University of Chicago, 

Chicago, Illinois. ... , r-* 

Barth, Dr. L. G., Department of Zoology, Columbia University, New York City, 

New York. . . tt i. 

Bartlett, Dr. James H., Department of Physics, University of Illinois, Urbana, 

Illinois. 

Beadle, Dr. G. W., School of Biological Sciences, Stanford University, California. 
Beams, Dr. Harold W., Department of Zoology, State University of Iowa, Iowa 
City, Iowa. 

Beck, Dr. L. V., Hahnemann Medical College. Philadelphia, Pennsylvania. 

Behre, Dr. Elinor H., Louisiana State University, Baton Rouge, Louisiana. 
Bertholf, Dr. Lloyd M., Western Maryland College, Westminster, Maryland. 
Bevelander, Dr. Gerrit, New York University School of Medicine, New York 
City, New York. 

Bigelow, Dr. H. B., Museum of Comparative Zoology, Cambridge, Massachusetts. 
Bigelow, Prof. R. P., Massachusetts Institute of Technology, Cambridge, Massa- 
chusetts. 

Bissonnette, Dr. T. Hume, Trinity Collie, Hartford, Connecticut. 

Blanchard, Prof. K. C., Johns Hopkins Medical School, Baltimore, Maryland. 
Bodine, Dr. J. H., Department of Zoology, State Umversity of Iowa, Iowa City, 
Iowa. 
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Boell, Dr. Edgar J., Yale University, New Haven, Connecticut. 

Boring, Dr. Alice M., Yenching University, Peiping, China. 

Bradley, Prof. Harold C., University of Wisconsin, Madison, Wisconsin. 

Brodie, Mr. Donald M., 522 Fifth Avenue, New York City, New York. 

Bronfenbrenner, Dr. Jacques J., Department of Bacteriology, Washington Uni- 
versity Medical School, St. Louis, Missouri. 

Bronk, Dr. Detlev W., Johnson Foundation, University of Pennsylvania, Phila- 
delphia, Pennsylvania. 

Brooks, Dr. Matilda M., University of California, Department of Zoology, Berke- 
ley, California. 

Brooks, Dr. S. C., University of California, Berkeley, California. 

Brown, Dr. Dugald E. S., Bermuda Biological Station, Bermuda. 

Brown, Dr Frank A., Jr., De])artmeiit of Zoology, Northwestern University, 
Evanston, Illinois. 

Brownell, Dr. Katherine A., Ohio State University, Columbus, Ohio. 

Buck, Dr. John B., Industrial Hygiene Research Lab., National Institute of 
Health, Bethesda, Maryland. 

Buckingham, Miss Edith N., Sudbury, Massachusetts. 

Budington, Prof. R. A,, Winter Park, Florida. 

Bullington, Dr. W. E., Randolph-Macon College, Ashland, Virginia. 

Bullock, Dr. T. H., University of California, Los Angeles 24, California. 

Burbanck, Dr. William D., Department of Biology, Drury College, Springfield, 
Missouri, 

Burkenroad, Dr. M. D., Yale University, New Haven, Connecticut. 

Burkholder, Dr. Paul R., Yale University, New Haven, Connecticut, 

Butler, Dr. E. G., Princeton University, Princeton, N. J. 

Byrnes, Dr. Esther F,, 1803 North Caniac Street, Philadelphia, Pennsylvania. 

Cameron, Dr. J. A., Baylor College of Dentistry, Dallas. Texas. 

Cannan, Prof, R, K., New York University College of Medicine, New York C'ity, 
New York. 

Carlson, Prof. A. J., Department of Physiology, The University of Chicago, Chi- 
cago, Illinois. 

Carotiiers, Dr. E. Eleanor, 134 Avenue C, East, Kingman, Kansas. 

Carpenter, Dr. Russell L., Tufts College, Tufts College, Massachusetts. 

Carroll, Prof. Mitchell, Franklin and Marshall College, Lancaster, Penn.syl- 
vania. 

Carver, Prof. Gail L., Mercer University, Macon, Georgia. 

Cattell, Dr. McKeen, Cornell University Medical College, New York City, New 
York. 

Cattell, Mr. Ware, 1621 Connecticut Ave,, Washington, D. C. 

Chambers, Dr. Robert, Washington Square Collie, New York University, Wash- 
ington Square, New York City, New York. 

Chase, Dr. Aurin M., Princeton University, Princeton, New Jersey. 

Cheyney, Dr. Ralph H., Biology Department, Brooklyn College, Brooklyn 10, 
New York. 

Chidester, Prof. f*. E., Aubumdale, Massachusetts. 

Child, Prof. C. M., Jordan Hall, Stanford University, California. 
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CiiURNEY, Dr. Leon, Dept, of Phywsiology, Louibiana State University School of 
Medicine, New Orleans 13, Louisiana. 

Claff, Mr. C. Lloyd, Research Fellow in Surgery, Harvard Medical School, 
Boston, Mass. 

Clark, Prof. E. R., University of Pennsylvania Medical School, Philadelphia, 
Pennsylvania. 

Clark, Dr. Leonard B., Department of Biology, Union College, Schenectady, New 
York. 

Clarke, Dr, G. L., Department of Biology, Harvard University, Cambridge 38, 
Mass. 

Cleland, Prof. Ralph E., Indiana University, Bloomington, Indiana. 

Clowes, Dr. G. H. A., Eli Lilly and Company, Indianapolis, Indiana. 

Coe, Prof. W. R., Yale University, New Haven, Connecticut. 

Cohn, Dr. Edwin J., 183 Brattle Street, Cambridge, Massachusetts. 

Cole, Dr. Elbert C., Department of Biology, Williams College, Williamstown, 
Massachusetts. 

Cole, Dr. Kenneth S., University of Chicago, Chicago, Illinois. 

Collett, Dr. Mary E., Western Reserve University, Cleveland, Ohio. 

Colton, Prof. H. S., Box 601, Flagstaff, Arizona. 

Cooper, Dr. Kenneth W., Department of Biology, Princeton University, Prince- 
ton, New Jersey. 

Copeland, Prof. Manton, Bowdoin College, Brunswick, Maine. 

Costello, Dr. Donald P., Department of Zoology, University of North Carolina, 
Chapel Hill, North Carolina. 

Costello, Dr. Helen Miller, Department of Zoology, University of North Caro- 
lina, Chapel Hill, North Carolina. 

Crampton, Prof. H. E., American Museum of Natural History, New York City, 
New York. 

Crank, John O., Woods Hole, Massachusetts. 

Crank, Mrs. W. Murray, Woods Hole, Massachusetts. 

Croasdale, Hannah T., Dartmouth College, Hanover, New Hampshire. 

Crouse, Dr. Helen V., University of Pennsylvania, Philadelphia, Pennsylvania. 

Crowell, Dr. P. S., Jr., Department of Zoology, Miami University, Oxford, Ohio. 

Curtis, Dr. Maynie R„ 377 Dexter Trail, Mason, Michigan. 

Curtis, Prof. W. C., University of Missouri, Columbia, Missouri. 

Dan, Dr. Katsuma, Misaki Biological Station, Misaki, Japan. 

Davis, Dr. Donald W., College of William and Mary, Williamsburg, Virginia. 

Dawson, Dr. A. B., Harvard University, Cambridge, Massachusetts. 

Dawson, Dr. J. A., The College of the City of New York, New York City, New 
York. 

Dederer, Dr. Pauline H., Connecticut College, New London, Connecticut. 

Demerec, Dr. M., Caraegie Institution of Washington, Cold Spring Harbor, Long 
Island, New York, 

Diller, Dr. William F., 1016 Soutli 4Sth Street, Philadelphia, Pennsylvania. 

Dodds, Prof. G. S., Medical School, University of West Virginia, Morgantown, 
West Virginia. 

Dolley, Prof. William L., University of Buffalo, Buffalo, New York. 
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Donaldson, Dr. John C., University of Pittsburgh, School of Medicine, Pitts- 
burgh, Pennsylvania. 

DuBoxs, Dr. Eugene F., Cornell University Medical. College, New York City, 
New York. 

Duggar, Dr. Benjamin M., c/o Lederle Laboratories Inc., Pearl River, New 
York. 

Dungay, Dr. Neil S., Carleton College, Northfield, Minnesota. 

Duryee, Dr. William R., National Research Council, Washington, U. C. 

Edwards, Dr. D. J., Cornell University Medical College, New York City, New 
York. 

Ellis, Dr. F. W., 1175 Centre Street, Newton, Massachusetts. 

Evans, Dr. Titus C., College of Physicians and Surgeons, New York City, New 
York. 

Failla, Dr. G., College of Physicians and Surgeons, New York City, New York. 

Faure-Fremiet, Prof. Emmanuel, College de France, Paris, France. 

Faust, Dr. Ernest C., Tulane University of Louisiana, New Orleans, Louisiana. 

Ferguson, Dr. James K. W., Department of Pharmacology, University of Toronto, 
Ontario, Canada. 

Figge, Dr. F. H. J., University of Maryland Medical School, Baltimore, Maryland. 

Fischer, Dr. Ernst, Baruch Centre of Physical Medicine, Medical College of Vir- 
ginia, Richmond 19, Virginia. 

Fisher, Dr. Jeanne M., Department of Biochemistry, University of Toronto, To- 
ronto, Canada. 

Fisher, Dr. Kenneth C., Department of Biology, University of Toronto, Toronto, 
Canada. 

Forbes, Dr. Alexander, Harvard University Medical School, Boston, Massachu- 
setts. 

Frisch, Dr. John A., Canisius College, Buffalo, New York. 

Furth, Dr. Jacob, Cornell University Medical College, New York City, New 
York. 

Galtsoff, Dr. Paul S., 420 Cumberland Avenue, Somerset, Chevy Chase, Mary- 
land. 

Garrey, Prof. W. E., Vanderbilt University Medical School, Nashville, Tennessee. 

Gasser, Dr. Herbert, Director, Rockefeller Instil ute, New York City, New York. 

Gates, Dr. Reginald R., Woods Hole, Massachusetts. 

Geiser, Dr. S. W., Southern Methodist University, Dallas, Texas, 

Gerard, Prof. R. W., The University of Chicago, Chicago, Illinois. 

Glaser, Prof. O. C., Amherst College, Amherst, Massachusetts. 

Goldforb, Prof. A. J., College of the City of New York, New York City, New 
York. 

Goodchild, Dr. Chauncey G., State Teachers College, Springfield, Missouri. 

Goodrich, Prof. H. B., Wesleyan University, Middletown, Connecticut. 

Gottschall, Dr. Gertrude Y., Apt. 4C, 1095 Park Avenue, New York City 28, 
New York. 

Graham, Dr. J. Y., Roberts, Wisconsin. 

Grand, Constantine G., Biology Department, Washington Square College, New 
York University, Washington Square, New York City, New York. 
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Grave, Prof. B. H., DePauw University, Greencastle, Indiana. 

Gray, Prof. Irving E., Duke University, Durham, North Carolina. 

Gregory, Dr. Louise H., Barnard College, Columbia University, New York City, 
New York. 

Grundfest, Dr. Harry, Columbia University College of Physicians and Surgeons, 
New York City, New York. 

Gudernatsch, Dr. J. Frederick, New York University, 100 Washington Square, 
New York City, New York. 

Guthrie, Dr, Mary J., University of Missouri, Columbia, Missouri. 

Guyer, Prof. M. F., University of Wisconsin, Madison, Wisconsin. 

Hague, Dr. Florence, Sweet Briar College, Sweet Briar, Virginia. 

Hall, Prof. Frank G., Duke University, Durham, North Carolina. 

Hamburger, Dr. Viktor, Department of Zoology, Washington University, St. 
Louis, Missouri. 

Hamilton, Dr. Howard L., Iowa State College, Ames, Iowa. 

Hance, Dr. Robert T., The Cincinnati Milling Machine Co., Cincinnati 9, Ohio. 

Harman, Dr. Mary T., Kansas State Agricultural College, Manhattan, Kansas. 

Harnly, Dr. Morris H., Washington Square College, New York University, New 
York City, New York. 

Harrison, Prof. Ross G., Yale University, New Haven, Connecticut. 

Hartline, Dr. H. Keffer, University of Pennsylvania, Philadelphia, Pennsylvania. 

Hartman, Dr. Frank A., Hamilton Hall, Ohio State University, Columbus, Ohio. 

Harvey, Dr, E. Newton, Guyot Hall, Princeton University, Princeton, New Jer- 
sey. 

Harvey, Dr. Ethel Browne, 48 Cleveland Lane, Princeton, New Jersey. 

Hayden, Dr. Margaret A., Wellesley College, Wellesley, Massachusetts. 

Hayes, Dr. Frederick R., Zoological Laboratory, Dalhousie University, Halifax, 
Nova Scotia. 

Haywood, Dr. Charlotte, Mount Holyoke College, South Hadley, Massachusetts. 

Hecht, Dr. Selig, Columbia University, New York City, New York. 

Heilbrunn, Dr. L. V., Department of Zoology, University of Pennsylvania, Phila- 
delphia, Pennsylvania. 

Hrnshaw, Dr. Paul S., National Cancer Institute, Bethesda, Maryland. 

Hess, Prok. Walter N., Hamilton College, Qinton, New York. 

Hiatt, Dr. I£. P., University of North Carolina School of Medicine, Chapel Hill, 
North Carolina. 

Hibbard, Dr. Hope, Department of Zoology, Oberlin College, Oberlin, Ohio. 

Hill, Dr. Samuel E., 18 Collins Avenue, Troy, New York. 

Hinrxciis, Dr. Marie, Department of Physiology and Health Education, Southern 
Illinois Normal University, Carbondale, Illinois. 

Hisaw, Dr. F. L., Harvard University, Cambridge, Massachusetts. 

Hoadley, Dr. Leigh, Harvard University, Cambridge, Massachusetts. 

Hober, Dr. Rudolf, University of Pennsylvania, Philadelpliia, Pennsylvania. 

Hodge, Dr. Charles, IV, Temple University, Department of Zoology, Philadelphia, 
Pennsylvania. 

IIoGUK, Dr. Mary J,, University of Pennsylvania Medical School, Philadelphia, 
Pennsylvania. 
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Hollaender, Dr. Alexander, National Institute of Health, Laboratory of Indus- 
trial Hygiene, Bethesda, Maryland. 

Hopkins, Dr. Dwight L., Mundelein College, Chicago, Illinois. 

Hopkins, Dr. Hoyt S., New York University, College of Dentistry, New York 
City, New York. 

Hyman, Dr. Libbie H., American Museum of Natural History, New York City, 
New York. 

Irving, Lt. Col. Laurence, Swarthmore College, Department of Zoology, Swarth- 
more, Pennsylvania. 

Iselin, Mr. Columbus O’D., Woods Hole, Massachusetts. 

Jacobs, Prof. Merkel H., School of Medicine, University of Pennsylvania, Phila- 
delphia, Pennsylvania. 

Jenkins, Dr. George B., 1336 Parkwood Place, N.W., Washington, D. C. 

Jennings, Prof. H. S., Department of Zoology, University of California, Los An- 
geles, California. 

JoHLiN, Dr. J. M., Vanderbilt University Medical School, Nashville, Tennessee. 

Jones, Dr, E. Ruffin, University of Florida, Gainesville, Florida. 

Kaan, Dr. Helen, Wellesley College, Wellesley, Massachusetts. 

Kaufmann, Prof. B. P., Carnegie Institution, Cold Spring Harbor, Long Island, 
New York. 

Kempton, Prof. Rudolf T., Vassar College, Poughkeepsie, New York. 

Kidder, Dr. George W., Amherst College, Amherst, Massachusetts. 

Kidder, Jerome F., Woods Hole, Massachusetts. 

Kille, Dr. Frank R., Carleton College, Northfield, Minnesota. 

Kindred, Dr. J. E., University of Virginia, Charlottesville, Virginia. 

King, Dr. Helen D., Wistar Institute of Anatomy and Biology, Philadelphia, 
Pennsylvania, 

King, Dr. Robert L., State University of Iowa, Iowa City, Iowa. 

Knowlton, Prof. F. P., Syracuse University, Syracuse, New York. 

Kopac, Dr. M. j., Washington Scpiare College, New York University, New ^'■ork 
City, New York. 

Kraixl, Dr. M. E., Washington University School of Medicine, Department of 
Pharmacology, St. I^ouis, Missouri. 

Krieg, Dr. Wendell J. S., 303 East Chicago Avc., Chicago, Illinois. 

Lancefield, Dr. D, E., Queens College, Flushing, New York. 

T^ancefikld, Dr. Rebecca C., Rockefeller Institute, New York City, New York. 

Landis, Dr. E. M., Harvard Medical School, Boston, Massachusetts, 

Lange, Dr. Mathilde M., Wheaton College, Norton, Massachusetts. 

T.,avin, Dr. George I., Rockefeller Institute, New York City, New York. 

Lazarow, Dr. Arnold, Western Reserve University School of Medicine, Cleveland 
6, Ohio. 

Lewis, Prof. I. F., University of Virginia, Charlottesville, Virginia. 

Lillie, Prof. Frank R., The University of Chicago, Chicago, Illinois. 

Lillie, Prof. Ralph S., The University of Chicago, Chicago, Illinois. 

Little, Dr. E. P., Phillips Exeter Academy, Exeter, New Hampshire. 

Lochhead, Dr. John H., Department of Zoology, University of Vermont, Bur- 
lington, Vermont. 

Loeb, Prof, Leo, 40 Crestwood Drive, St. Louis, Missouri. 
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Loeb, Dr. R. F,, 180 Ft. Washington Avenue, New York City, New York. 

Loewi, Prof. Otto, 155 East 93d Street, New York City, New York. 

Lowther, Mrs. Florence deL., Barnard College, Columbia University, New York 
City, New York. 

Lucas, Dr. Alfred M., Regional Poultry Research Laboratory, East Lansing, 
Michigan. 

Lucke, Prof. Balduin, University of Pennsylvania, Philadelphia, Pennsylvania. 

Lynch, Dr. Clara J., Rockefeller Institute, New York City, New York. 

Lynch, Dr. Ruth Stocking, Dept, of Zoology, University of California, Los 
Angeles 24, California. 

Lynn, Dr. William G., Department of Biology, The Catholic University of Amer- 
ica, Washington, D. C. 

MacDougall, Dr. Mary S., Agnes Scott College, Decatur, Georgia. 

MacNaught, Mr. Frank M., Marine Biological Laboratory, Woods Hole, Massa- 
chusetts. 

McCoucii, Dr. Margaret Sumwalt, University of Pennsylvania Medical School, 
Philadelphia, Pa. 

McGregor, Dr. J. H., Columbia University, New York City, New York. 

Macklin, Dr. Charles C., School of Medicine, University of Western Ontario, 
London, Canada. 

Magruder, Dr. Samuel R., Department of Anatomy, Tufts Medical School, Bos- 
ton, Massachusetts. 

Malone, Prof. E. F., 153 Cortland Avenue, Winter Park, Florida. 

Manwfxl, Dr. Reginald D., Syracuse University, Syracuse, New York. 

Marsland, Dr, Douglas A., Washington Square College, New York University, 
New York City, New York. 

Martin, Prof. E. A., Department of Biology, Brooklyn College, Brooklyn, New 
York, 

Mathews, Prof. A. P., Woods Hole, Massachusetts. 

Matthews, Dr. Samuel A., Thompson Biological Laboratory, Williams College, 
Williamstown, Massachusetts. 

xMavor, Prof. James W., 24 Edward Street, Belmont, Massachusetts. 

Mazia, Dr. Daniel, University of Missouri, Department of Zoology, Columbia, 
Missouri, 

Medes, Dr. Grace, Lankenau Research Institute, Philadelphia, Pennsylvania. 

Meigs, Mrs. E, B., 1736 M Street, N.W., Washington, D. C. 

Memhard, Mr. A. R., Riverside, Connecticut. 

Menkin, Dr. Valy, Department of Surgical f^esearch, Temple University Medical 
School, Philadelphia, Pennsylvania. 

Metz, Prof. Charles W., University of Pennsylvania, Philadelphia, Pennsylvania. 

Michaeus, Dr. Leonor, Rockefeller Institute, New York City, New York. 

Miller, Dr. J. A., 106 Forrest Avenue, Atlanta 3, Georgia. 

Milne, Dr. Lorus J., Johnson Foundation, University of Pennsylvania, Philadel- 
phia, Pennsylvania. 

Minnxch, Prof. D. E., Department of Zoology, University of Minnesota, Minne- 
apolis, Minnesota. 

Mitchell, Dr. Philip H., Brown University, Providence, Rhode Island. 
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Moore, Dr. Carl R., The University of Chicago, Chicago, Illinois. 

Moore, Dr. J. A., Barnard College, New York City, New York. 

Morgan, Dr. Isabel M., Poliomyelitis Research Center, Baltimore S, Maryland. 

Morrill, Prof. C. V., Cornell University Medical College, New York City, New 
York. 

Muller, Prof. H. J., Department of Zoology, Indiana University, Bloomington, 
Indiana. 

Nachmansohn, Dr. D., College of Physicians and Surgeons, New York City, 
New York. 

Navez, Dr. Albert E., Department of Biology, Milton Academy, Milton, Massa- 
chusetts. 

Newman, Prof. H. H., 173 Devon Drive, Clearwater, Florida. 

Nichols, Dr. M. Louise, Rosemont, Pennsylvania. 

Nonidez, Dr. Jose F., Cornell University Medical College, New York City, New 
York. 

Northrop, Dr. John H., The Rockefeller Institute, Princeton, New Jersey. 

Ochoa, Dr. Severo, New York University, College of Medicine, New York 16, 
New York. 

Oppenheimer, Dr. Jane M., Department of Biology, Bryn Mawr College, Bryn 
Mawr, Pennsylvania. 

OsBURN, Prof. R. C., Ohio State University, Columbus, Ohio. 

OsTER, Dr. Robert H., University of Marjland, School of Medicine, Baltimore, 
Maryland. 

OsTERHOUT, Prof. W. J. V., Rockefeller Institute, New York City, New York. 

Osterhout, Mrs. Marian Irwin, Rockefeller Institute, New York City, New 
York. 

Packard, Dr. Charles, Marine Biological Laboratory, Woods Hole, Massachu- 
setts. 

Page, Dr. Irvine H., Cleveland Clinic, Cleveland, Ohio. 

Pappenheimer, Dr. A. M., 5 Acacia Street, Cambridge, Massacliusetts. 

Parker, Prof. G. H., Harvard University, Cambridge, Massachusetts. 

Parmenter, Dr. C. L., Department of Zoology, University of Penn.sylvania, Phila- 
delphia, Pennsylvania. 

Parpart, Dr. Arthur K., Princeton University, Princeton, New Jersey. 

Patten, Dr. Bradley M., University of Michigan Medical School, Ann Arbor, 
Michigan. 

Payne, Prof. F., University of Indiana, Bloomington, Indiana. 

Pf,ebles, Prof. Florence, 29 Eureka Street, Pasadena 3, California. 

Pierce, Dr. Madelene E., Vassar Collie, Poughkeepsie, New York. 

PiNNEY, Dr. Mary E., Milwaukee-Downer Collie, Milwaukee, Wisconsin. 

Plough, Prof. Harold H., Amherst College, Amherst, Massachusetts. 

PoLLiSTER, Dr. a. W., Columbia University, New York City, New York. 

Pond, Dr. Samuel E., S3 Alexander Street, Manchester, Connecticut. 

Pratt, Dr. Frederick H., Wellesley Hills 82, Massachusetts. 

Prosser, Dr. C. Ladd, University of Illinois, Urbana, Illinois. 

Rand, Dr. Herbert W., Harvard University, Cambridge, Massacliusetts. 
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Rankin, Dr. John S., Zoology Department, University of Connecticut, Storrs, 
Connecticut. 

Redfield, Dr. Alfred C., Harvard University, Cambridge, Massachusetts. 

Reid, Dr. W. M., Monmouth College, Monmouth, Illinois. 

Renn, Dr. Charles E., Sanitary Laboratories, The Johns Hopkins University, 
Baltimore, Maryland. 

Renshaw, Dr. Bjrdsey, Department of Physiology, University of Oregon Medical 
School, Portland, Oregon. 

Reznikoff, Dr. Paul, Cornell University Medical College, New York City, New 
York. 

Rice, Prof. Edward L., Ohio Wesleyan University, Delaware, Ohio. 

Richards, Prof. A., University of Oklahoma, Norman, Oklahoma. 

Richards, Dr. A. Glenn, Entomology Department, University Farm, Univ. of 
Minnesota, St. Paul 8, Minnesota. 

Richards, Dr. O. W., Research Department, American Optical Co., Buffalo, 
New York. 

Riggs, Lawrason, Jr., 120 Broadway, New York City, New York. 

Rogers, Prof. Charles G., Oberlin College, Oberlin, Ohio. 

Rogick, Dr. Mary D., College of New Rochelle, New Rochelle, New York. 

Romer, Dr. Alfred S., Harvard University, Cambridge, Massachusetts. 

Root, Dr. R. W., Department of Biology, College of the City of New York, New 
York City, New York. 

Root, Dr. W. S., College of Physicians and Surgeons, Department of Physiology, 
New York City, New York. 

Ruebush, Dr. T. K., Dayton, Virginia. 

Rugti, Dr. Roberts, Department of Biology, Washington Square College, New 
York University, New York City, New York. ^ 

Ryan, Dr. Francis J., Columbia University, New York City, N. Y. 

Sampson, Dr, Myra M., Smith College, Northampton, Massachusetts. 

Saslow, Dr. George, Washington University Medical School, St. Louis, Missouri 

Saunders, Lawrence, W. B. Saunders Publishing Company, Philadelphia, Penn- 
sylvania. 

Sayles, Dr. Leonard P., Department of Biology, College of the City of New York, 
New York City, New York. 

Schaeffer, Dr, Asa A., Biology Department, Temple University, Philadelphia, 
Pennsylvania. 

ScHARRER, Dr. ICrnst A., Deimrtmcnt of Anatomy, University of Colorado School 
of Medicine and Hospitals, Denver, Colorado. 

ScHECHTER, Dr. Vjctor, College of the City of New York, New York City, New 
York. 

Schmidt, Dr. L. H., Christ Hospital, Cincinnati, Ohio. 

Schmitt, Prof. F. O., Department of Biology, Massachusetts Institute of Tech- 
nology, Cambridge, Massachusetts. 

Sciiorri:, Dr. Oscar E., Department of Biology, Amherst College, Amherst, Massa- 
chusetts. 

Schrader, Dr. Franz, Department of Zoology, Columbia University, New York 
City, New York. 
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Schrader, Dr. Sally Hughes, Department of Zoology, Columbia University, New 
York City, New York. 

Schramm, Prof. J. R., University of Pennsylvania, Philadelphia, Pennsylvania. 

Scott, Dr. Allan C., Union College, Schenectady, New York 

Scott, Sister Florence Marie, Professor of Biology, Seton Hill College, Greens- 
burg, Pennsylvania. 

Scott, Dr. George T., Oberlin College, Oberlin, Ohio. 

Semple, Mrs. R. Bowling, 140 Columbia Heights, Brooklyn, New York. 

Severinghaus, Dr. Aura E., Department of Anatomy, College of Physicians and 
Surgeons, New York City, New York. 

Shanes, Dr. Abraham M., New York University, College of Dentistry, New 
York. 

Shapiro, Dr. Herbert, National Institute of Health, Bethesda, Maryland. 

Shelford, Prof. V. E., Vivarium, Wright and Healey Streets, Champaign, Illinois. 

Shull, Prof. A. Franklin, University of Michigan, Ann Arbor, Michigan. 

Shumway, Dr. Waldo, University of Illinois, Urbana, Illinois. 

SiCHEL, Dr. Ferdinand J. M., University of Vermont, Burlington, Vermont. 

SiCHEL, Mrs. F. J. M., 35 Henderson Terrace, Burlington, Vermont. 

Sinnott, Dr. E. W., Osborn Botanical T^aboratory, Yale University, New Haven, 
Connecticut. 

Slifer, Dr. Eleanor H., Department of Zoology, State University of Iowa, Iowa 
City, Iowa. 

Smith, Dr. Dietrich Conrad, Department of Physiology, University of Mary- 
land School of Medicine, Baltimore, Maryland. 

Snyder, Prof. L. H., Ohio State University, Department of Zoology, Columbus, 
Ohio. 

SoNNEBORN, Dr. T. M., Department of Zoology, Indiana University, Bloomington, 
Indiana. 

Speidel, Dr. Carl C., University of Virginia, University, Virginia. 

Stark, Dr. Mary B., Harris, Minnesota. 

Steinbach, Dr. H. Burr, Department of Zoology, Washington University, St. 
Louis, Missouri. 

Stern, Dr. Curt, Department of Zoology, University of Rochester, Rochester, 
New York. 

Stern, Dr. Kurt G., Polytechnic In.stitutc, Department of Clieniistry, Brookl 3 na, 
New York. 

Stewart, Dr. .Dorothy R., Anatomy Department, Western Reserve Medical 
School, Cleveland 6, Ohio. 

Stokey, Dr. Alma G., Department of Botany, Mount Holyoke College, South 
Hadley, Massachusetts. 

Stunkard, Dr. Horace W., New York University, University Heights, New 
York. 

Sttotevant, Dr. Alfred H., California Institute of Technology, Pasadena, 
California. 

Taft, Dr. Charles H., Jr., University of Texas Medical School, Galveston, Texas. 

Tashiro, Dr. Shiro, Medical College, University of Cincinnati, Cincinnati, Ohio. 

Taylor, Dr. William R., University of Michigan, Ann Arbor, Michigan. 
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TeWinkel, Dr, L. E., Department of Zoology, Smith College, Northampton, 
Massachusetts. 

Turner, Dr. Abby H., Mt. Holyoke College, South Hadley, Massachusetts. 

Turner, Prof. C. L., Northwestern University, Evanston, Illinois. 

Tyler, Dr. Albert, California Institute of Technology, Pasadena, California. 

Uhlenhutii, Dr. Eduard, University of Maryland, School of Medicine, Balti- 
more, Maryland. 

VxLLEE, Dr. Claude A., Jr., Harvard Medical School, Boston, Massachusetts. 

VisscuER, Dr. J. Paul, Western Reserve University, Cleveland, Ohio. 

Wainio, Dr. W. W., New York University, College of Dentistry, New York City. 

Wald, Dr. George, Biological Laboratories, Harvard University, Cambridge, 
Massachusetts. 

Warbasse, Dr. James P., Woods Hole, Massachusetts. 

Warren, Dr. Herbert S., 1405 Greywall Lane, Overbrook Hills, Philadelphia 31, 
Pennsylvania. 

Waterman, Dr. Allyn J., Department of Biology, Williams College, Williams- 
town, Massachusetts. 

Weiss, Dr. Paul A., Department of Zoology, The University of Chicago, Chicago, 
Illinois. 

Wenricii, Dr. D. H., University of Pennsylvania, Philadelphia, Penn^lvania. 

Whedon, Dr. a. D., North Dakota Agricultural College, Fargo, North Dakota. 

Whitaker, Dr. Douglas M., Stanford University, California. 

White, Dr. E. Grace, Wilson College, Chambersburg, Pennsylvania. 

Whiting, Dr. Anna R., University of Pennsylvania, Philadelphia, Pennsylvania. 

Whiting, Dr. Phineas W., Zoological Laboratory, University of Pennsylvania, 
Philadelphia, Pennsylvania. 

Whitney, Dr. David D., University of Nebraska, Lincoln, Nebraska. 

WiCHTERMAN, Dr. Ralph, Biology Department, Temple University, Philadelphia, 
Pennsylvania. 

Wieman, Prof. H. L., University of Cincinnati, Cincinnati, Ohio. 

WiLLiER, Dr. B. H., Department of Biology, Johns Hopkins University, Baltimore, 
Maryland. 

Wilson, Dr. J. W., Brown University, Providence, Rhode Island. 

WiTScni, Prof. Emil, Department of Zoology, State University of Iowa, Iowa 
City, Iowa. 

Wolf, Dr. Ernst, Biological Laboratories, Harvard University, Cambri(%e, 
Massachusetts. 

Woodruff, Prof. L. L., Yale University, New Haven, Connecticut. ^ 

Woodward, Dr. Alvalyn E., Zoology Department, University of Michigan, Ann 
Arbor, Michigan. 

Wrinch, Dr. Dorothy, Smith College, Northampton, Massachusetts. 

Yntema, Dr. C. L., Department of Anatomy, Syracuse University Medical College, 
Syracuse, New York 

Young, Dr. B. P., Cornell University, Ithaca, New York. 

Young, Dr. D. B., 7128 Hampden Lane, Bethesda, Maryland. 
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9. Associates of the Marine Biological Laboratory 


Bartow, Mrs. Francis D. 

Behnke, John. 

Brown, Mr. and Mrs. Theodorf.. 
Calkins, Mrs. Gary N. 

Cooper, Charles P. 

Crossley, Mr. and Mrs. Archibald. 
Crowell, Prince. 

Curtis, Dr. William D. 

Fay, Mrs. H. H. 

Foster, Richard W. 

Garfield, Irvin McD. 

Green, George S. 

Green, Miss Gladys. 

Harrison, R. G., Jr. 

Hunt, Mrs. Reid. 

Janney, Mrs. Walter. 


Knower, Mrs. H. McE. 
Lillie, Mrs. F. R. 
McMitchell, Mrs. J. McC. 
Murphy, Dr. W. J. 

Newton, Miss Helen. 

Nims, Mrs. E. D. 

Norman, Edward A. 

Riggs, Mrs. Lawrason. 

Rudd, Mrs. H. W. D. 
Saunders, Mrs. Lawrence. 
Stockard, Mrs. C. R. 

Swope, Mr. and Mrs. Gerard. 
Tebbets, Walter. 

Webster, Mr. and Mrs. E. S. 
Wick, Mrs. Myron T. 
Wilson, Mrs. E. B. 



THE PERIOD OF QUIESCENCE IN THE RESPONSE TO LIGHT 

BY AMOEBA 

(THE RESPONSE TO LIGHT BY AMOEBA) 
li T. FOLGER 

Fisk University, Nashville, Tennessee 
Introduction 

As is well known, an amoeba, when subjected to sudden illumination, responds 
l)y cessation of movement, and, as this cessation does not take place immediately, 
an interval exists Ijetween the increase in illumination and the reaction, thus giving 
rise to a reaction-time. As shown in a previous paper (Folger, 1925), the duration 
of the reaction-time depends on various factors, such as intensity of the light, pre- 
vious stimulation, physiological condition of the animal. However, the reaction- 
time does not constitute the whole of the response to light by amoeba. After stop- 
ping, the animal remains motionless for some lime, then resumes locomotion. The 
interval during which movement is suspended and which has been designated the 
quiescent period or period of quiescence is likewise dependent upon numerous fac- 
tors and must necessarily be included in a complete investigation of the response to 
light by the organism. 

Investigations dealing with a phase in the reaction of light similar to the one just 
mentioned have not been numerous. Possibly the growth reaction in a mold, as 
described l)y Blaauw (1914), may be compared to it. Blaauw was able by means 
of mirrors to illuminate the spore-carrier of Phycomyces nitons on four sides simul- 
taneously, thus bringing about a symmetrical stimulation and avoiding bending. He 
found that after an illumination of one minute an increase in the rate of growth 
could be detected about three and a half minutes later, though this reaction-time was 
sul)ject to much variation, depending both on the individual and on the intensity of 
the light. The increase in growth was augmented more and more until in some 
cases it amounted to as much as two hundred or even four hundred per cent of 
the normal rate. Shortly afterward, however, growth began gradually to slow 
down until finally it fell below normal, a condition which was of short duration for 
soon the plant was growing at its usual rate again. 

Ap])arently more closely related to the phase to be considered in Amoeba is that 
encountered in streaming plant cells such as those of Chara and Nitclla, as described 
by Ewart (1903), who gives an excellent review of previous work on protoplasmic 
streaming and adds the results of experiments by himself. Unfortunately for work 
with illumination, the cells of both of these plants contain chloroplasts, and photo- 
synthesis brings in a complicating factor which interferes somewhat with a study 
of other effects of light. But in the case of several additional stimulating agents, 
especially mechanical shock, there is a response similar to that given by Amoeba to 
sudden illumination. The response of a streaming cell of Chara to mechanical shock, 
for instance, comprises a cessation followed shortly by a resumption of movement, 
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and, as Ewart shows, a close relationship exists between the intensity of the stimulat- 
ing agent and the time during which streaming remains suspended. 

Some use has already been made of the period of quiescence in an investigation 
of the reactions of Auiocha. Folger (1926) demonstrated that in response to 
mechanical shock it becomes longer with increase in the magnitude of stimulation. 
This paper is concerned with a study of the quiescent period in the response of 
Amoeba to light. 


Matkrials and Methods 

Apparatus similar to that used in the experiments to be presented has already been 
described (Folger, 1925). Light was obtained from a 1000-watt, 112-volt, cylindri- 
cal Mazda stereoptican lamp and flashed upon the amoebae by means of the ])lane 
mirror of tlie microscope. Heal rays w^ere eliminated l)y placing a vessel of dis- 
tilled water between lamp and mirror. The voltage of the current was about 114, 
and as the amoebae were placed at a distance of 25 centimeters from the light, they 
were, consequently, subjected to an illumination of approximately 16,000 meter 
candles intensity, even after some absorption of light by mirror and water. Active 
specimens of Amoeba protcus were used as experimental animals. 

Experimental Results 

Mention has been made of the lengthening of the period of quiescence with in- 
crease in the magnitude of mechanical shock. In the experiments referred to, the 
shock was brought about by dropping pieces of wire through a glass tube to the slide 
on which the amoebae had been placed. Under these conditions the time of applica- 
tion of the stimulus did not vary, it might be described as instantaneous, and the dis- 
tance through which the weights fell was not changed. Consequently the intensity 
of the shocks varied with the weights of the pieces of wire, which were all of the 
same diameter but of various lengths, in the experiments now to I)e described, the 
intensity of the stimulating agent, that is, the light, remained unchanged, but it was 
easy enough to vary the magnitude of the stimulus by altering the time of exposure. 
The following cflTects of light on the period of quicvsccnce were investigated: (1) 
the eflfect of changing the length of exposure; (2) the effect of altering the time 
elapsing between expo.sures; (3) the effect of repeated exposures, 

Rdaiiov behveen the period o\ quiescence and the c.vposurc period 

If one keeps tlie intensity of the light constant but alters the time during which 
it acts, it is immediately apparent that the quiescent period varies with the time of 
exposure. This is well illustrated by the results of the experiment recorded in 
Table I, in which an amoeba was subjected to light for periods ranging from 4 sec- 
onds to 45 seconds. A response was obtained in every instance, with an average 
reaction-time of about 2.6 seconds.^ As can be seen, it was quite otherwise with the 
period of quiescence. An exposure of 4 seconds produced a quiescent period of 10.6 
seconds; one of 10 seconds, a quiescent period of 18.7 seconds; and one of 15 

^ It is not to be assumed that length of exposure can have no effect on the reaction-time, 
but to produce a reaction-time essentially different from that given above would require a niudi 
shorter exposure tlian any used in this experiment. 
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seconds, a quiescent period of 24 seconds. Thus the period of quiescence increased 
with increase of exposure and this continued until the exposure amounted to 45 sec- 
onds, when the period of quiescence was 42 seconds. 

Further analysis brings out other relationships between exposure and quiescent 
periods. In the final column is shown the difiFerence obtained by subtracting the 
former from the latter. With an exposure of 4 seconds the difference amounted to 
6.6 seconds. With an exposure of 10 seconds it was 8.7 seconds, and with an ex- 
posure of IS seconds it was 9 seconds. Thus far the rate of increase has been 
greater in the period of quiescence than in the exposure period, but this did not con- 
tinue indefinitely, for with an exposure of 20 seconds the difference had fallen to 


Table I 

Showing increase of the period of quiescence with increase of exposure period. Time indicated 
by seconds. 


Exposure 
period (b) 

Number 
of tebls 

Period of quiescence (t) 

t-s 

Maximum 

Minimum 

Average 

4 


14 

7 

10.6 

6.6 

10 


20 

17 

18.8 

8.7 

15 


30 

21 

24.0 

9.0 

20 


32 

24 

27.0 

7.0 

25 


29 

27 

28.0 

3.0 

30 


32 

32 

32.0 

2.0 

45 




42.0 

- 3.0 


7 seconds, with an exposure of 30 seconds it was 3 seconds, and with an exposure 
of 35 seconds it was 2 seconds. The exposure period is now increasing faster than 
the period of quiescence, and the ultimate result is shown at an exposure of 45 sec- 
onds, when the difference amounted to — 3 seconds. In other words, the exposure 
period has become longer than the period of quiescence. It has already been stated 
that the anioclia ceased to move after it was in illumination for about 2.6 seconds. 
So, when exposed for 45 seconds, it stopped in 2.6 seconds and resumed movement 
in another 42 seconds, 0.4 of a second before the light was turned off. 01)viously an 
exposure greater than 45 seconds would not have called forth a longer period of 
([uiescence, since tlie amoeba would still have stopped and then resumed movement 
within al)oul 44.6 seconds after the light was turned on. 

Time required jor recovery jram the effects of sudden illumination 

Reaction by Amoeba to light or to mechanical shock is, as previously -stated, 
followed by a refractory period, which may be either absolute or relative; that is, 
the amoeba may refuse to react to a second stimulus, or it may react but with an 
altered response. Partial recovery from the effects of either kind of stimulus is in- 
dicated by a reaction-time that is longer than that ol)tained after complete recovery 
(Folger, 1925, 1926). The effect of partial recovery from sudden illumination on 
the period of quiescence is illustrated by the results of the experiment shown in 
Table II, 
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Table II 

Showing the influence upon the period of quiescence on the lack of recovery from the effects of 
previous stimulation. Light turned on and left on until amoeba resumed locomotion. 


Time in dai k 
pi evious to 
. exposure 

Number of tests 

Petlod of ciuie&cence (bCc.) 

Maximum 

Minimum 

Average 

4 seconds 

4 

No reaction 



10 seconds 

4 

30 

18 

22.5 

30 seconds 

6 

40 

15 

24.8 

1 minute 

6 


25 

36.7 

2 minutes 

6 

75 


54.2 

10 minutes 

1 



175.0 

30 minutes 

1 



220.0 

2 hours 

1 



218.0 


In this experiment a single amoeba was used and was subjected to a series of 
tests in each of which it was first exposed to light for 1 minute, then to darkness for 
3 minutes, and again to light, this time for 30 seconds. T^his procedure was intended 
to bring about a condition of uniformity. Following the 30-second exposures the 
light was turned oflf for intervals varying in the several trials from 4 seconds to 2 
hours. Finally in each case the amoeba was then exposed to illumination and left 
exposed until the characteristic response was completed by the resumption of flow. 
As shown in the table, no reactions were obtained when 4 seconds were allowed for 
recovery. Ten seconds permitted a recovery sufficient to obtain reactions in every 
instance, with an average period of quiescence in 4 trials of 22.5 seconds. Thirty 
seconds for recovery resulted in an average period of cpiiescence of 24.5 seconds ; 

1 minute for recovery, in an average period of quiescence of 36.7 seconds; and 2 
minutes for recovery, in an average period of quiescence of 54.2 seconds. Ten 
minutes, 30 minutes, and 2 hours for recovery were followed by periods of 
quiescence of 175 seconds, 220 seconds, and 218 seconds, respectively. Clearly the 
peri(Kl of quiescence ))ccame longer as the amoeba recovered from the effects of pre- 
vious stimulation, reaching a maximum when recovery was complete. Evidently 
under the conditions of the experiment c(»mplete recovery was not attained until 
after 10 minutes but before 30 minutes had elapsed. This contrasts with the 1 or 

2 minutes necessary to obtain a minimum reaction-time (Folger, 1925, Alsup, 1937). 

A few further words of explanation are necessary for a proper evaluation of 
the results just given. When an amoeba is expOwSed to light and ceases to move, 
the stoppage is generally sudden, permitting accurate timing with a stopwatch. If 
the exposure period is not too long or if too much time has not elapsed between 
stimuli, the resumi)tion of movement also occurs with sufficient abruptness to be 
timed with a fair degree of precision. However, when a strong light is combined 
with sufficient time for complete or almost complete recovery from the effects of 
previous stimulation and with a long exposure period, expecially with one so long 
that the amoeba begins to move while the light is still acting, the resumption of flow 
cannot be ascertained with the same accuracy. Under these conditions the first in- 
dication of movement is. usually an extrusion of a number of small pseudopodia, 
followed by an erratic flow, first in one direction, then in another. Gradually these 
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pseuclopodia lessen in number, movement becomes stronger, until finally the amoeba 
is again flowing briskly. If, now, one considers the first indication of movement as 
the end of the period of quiescence, it is easily determined. But if he assumes that 
this period is not completed until the amoeba has resumed the more vigorous move- 
ment that ol^taincd before stimulation, he must exert a judgement, and the period 
can not be timed with the same degree of accuracy. In the present instance the pe- 
riod of quiescence was interpreted as ending when the protoplasmic flow became as 
strong as it was before stimulation, but even if the first indication of movement had 
been chosen as the final point in the reaction, while the higher figures in the pre- 
ceding table would have been altered by several seconds, in the very long exposures 
even by as much as 25 or 30 seconds, the general aspect of a curve drawn from them 
would not be materially changed. 

The effect oj repeated siimiilation 

Repeated stimulation by light, with a short time intervening between exposures, 
brings out another peculiarity in the behavior of amoeba, which is exemplified by 
the results of the experiment summarized in Table III. This table records averages 


Table HI 

Showing decrease in period of quiescence with repeated exposures. Each amoeba subjected to 
darkness for at least 10 minutes and then given 10 successive S-second exposures to lights with intervals 
of 1 minute in darkness between exposures. Number of animals in cultures i, 2, J, were 11, 13, and 
16, respectively. 


Reaction 

number 

Average period of quiescence (sec.) 

General 

average 

Culture No. 1 

Culture No. 2 

Culture No. 3 

1 

18.5 

21.6 

14.3 

18.1 

2 

17.8 

18.6 

14.4 

16.9 

3 

12.6 

14.0 

14.6 

13.7 

4 

11.6 

14.3 

12.6 

12.8 

5 

10.4 

12.4 

12.4 

11.7 

6 

8.8 

11.9 

10.1 

10.3 

7 

10,8 

11.5 

11.9 

11.4 

8 

10.4 

9.4 

10.8 

10.2 

9 

8.8 

8.2 

9.9 

9.0 

10 ! 

10.3 

10.1 

8.8 

9.7 


of the reactions of from 11 to 16 amoebae from each of 3 cultures. Each amoeba 
was su)>jected to darkness for at least 10 minutes and then given 10 successive 3- 
second exposures to light, with intervals of 1 minute in darkness between exposures. 
Though there were variations among the animals from the same culture and even 
more among animals from diverse cultures, the general behavior was the same in 
every case and is reflected in the total averages given in the table. The average pe- 
riod of quiescence for tlie first exposure amounted to 18.1 seconds, for the second 
exposure to 16.9 seconds, for the third exposure to 13.7 seconds. As one may see, 
this decline continued imtil the sixth exposure, when the period of quiescence was 
10.3 seconds. In the 4 succeeding trials at no time did it fall far below 10 seconds 
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and on the tenth exposure amounted to 9.7 seconds. Even when further tests w’ere 
added, as they were in some instances though the results are not given in the table, 
there was no further reduction in the period of quiescence. 

This diminution of the period of quiescence with repeated exposure is somewhat 
reminiscent of the phenomenon known as treppe, to l)c met with in the physiology 
of muscle. 


Discussion 

The response to light that has been under consideration is intimately related to 
locomotion and must perhaps in final analysts be explained in terms of amoeboid 
movement. According to Mast (1926), an amoeba consists essentially of an 
inner fluid plasinasol and an outer solid plasmagel, which is surrounded hy a very 
thin elastic surface membrane, the plasmalemma. The plasinasol is hypertonic and 
the plasmagel and plasmalemma act as semipermeable membranes, resulting in the 
development of an osmotic pressure in the plasinasol and a stretching of the plasma- 
gel, especially at these points where it is weakest, w^here the pseudopodia are formed. 
Locomotion, according to Mast, involves a continuous change from plasinasol to 
plasmagel at the anterior end of the animal and from j)lasmagel to plasinasol at the 
posterior end. For further analysis of amoeboid movement one is referred to Mast’s 
paper. For our purpose it will suffice to point out that when it is moving, the 
amoeba must be in a state of dynamic equilibrium. Tlluniinatiou might cause an 
increase in the elastic .strength of the plasmagel, especially at the tip of the advancing 
pseudopodium (Mast, 1932), bringing about a temporary breakdown in the estab- 
lished equilibrium, with consequent cessation of forward movement. Shortly an 
equilibrium is reformed and the animal again moves. Since experiments described 
in the preceding section have shown that stimulation applied shortly after the re- 
sumption of locomotion either fails to bring about a reaction or is followed by a 
reaction with a shortened period of quiescence, it is apparent that the new equilib- 
rium is by no means at the same level as that which was in cxiwstence befc>re the ces- 
sation occurred. Otherwise one would cxi)ect identical res])on.ses when the one 
stimulation is followed by another of ecpial strength. The experiments show, 
moreover, that the original level is gradually re.storcd since a stimulus of a 
given intensity will finally elicit a .second re.spon.se of exactly the same magni- 
tude as that which it called forth at fir.st. Oliviou.sly, the time during which the dis- 
turbed equilibrium is reverting to the original level constitutes the refractory 
period. 


Summary 

1. Amoeba profeus reacts to sudden illumination hy ce.ssation of movement. The 
time during which it is motionless has been designated the period of quiescence. 

2. The period of quiescence becomes longer with extension of the time of ex- 
posure to illumination. At first the period of quiescence increases more rapidly 
than the exposure period, but soon the rate of increase of the latter becomes the 
greater, with the final result that the amoclia begins to move while the light is still 
on. 

3. Stimulation by light is followed by a refractory period, which may be absolute 
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or relative ; that is, the amoeba may either refuse to respond to a second stimulus, 
or' it may react but with an altered response. Incomplete recovery from the effects 
of previous stimulation results in a period of quiescence that is shorter than that 
obtained after complete recovery. 

4. If an amoeba is repeatedly exposed to illumination at intervals of a minute, 
the period of quie.scence is at first relatively long, but becomes progressively shorter, 
arriving at a minimum after about 6 minutes. 
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A METHOD FOR REMOVAL OF THE SINUS GLAND FROM THE 
EYESTALKS OF CRUSTACEANS " 

L. H, KLEINHOLZ 

Department of Biology, Reed College, Portland, Oregon 

An increasingly large number of endocrine effects has been attributed to the 
crustacean sinus gland within the last decade (see reviews by Kleinholz, 1942 and by 
Brown, 1944). Efforts to determine the role played by these reported endocrine 
effects in the normal physiology of the animal have proceeded along conventional 
patlis. Although investigators have applied the classical methods of endocrinology 
in determining in crustaceans the endocrine function of a suspected organ, i.e., 
deficiency and replacement experiments, the deficiency experiments have not iDeen 
completely adequate; at times the uneasy feeling arises that some of the reported 
experimental results may be artifacts. 

This situation has come about because removal of the sinus gland, located be- 
tween the 2nd and 3rd optic ganglia of the eyestalk, is most simply accomplished by 
ablation of both eyestalks. As has already been pointed out (Kleinholz 1938, 1942) , 
such surgery removes at the same time a not inconsiderable portion of the central 
nervous system, the four large ganglia located in each stalk. Control experiments 
to eyestalk ablation, in which antennae or other appendages are removed to simulate 
equivalent nerve injury or traumatic damage to the experimental animal, are thus 
not qualitatively comparable. The extent to which these ganglia in the eyestalk are 
centers of reflex activity, other than visual, has apparently not been adequately de- 
termined ; the possibility exists that these ganglia of the eyestalk may function as 
inhibitory centers of nervous activity a.s does the brain itself (Bethe, 1898; Roeder, 
1937). 

Tn recognition of the fact that the most facile surgical procedure is not necessarily 
the most critical or advisable one, is the growing realization that deficiency experi- 
ments in the physiological study of the sinus gland must be made after removal 
of the sinus gland alone, with as little attendant injury to the nerve ganglia as is 
possible. Technically, this is not always feasi1)lc, especially among the smaller 
crustaceans. With the larger macrurans and brachyurans, however, wsurgical ex- 
cision of the sinus gland is possible by the application of a little ingenuity. Brown 
(1942) has described such a method for removing the sinus gland from the eye- 
stalk of the crayfish. The procedure described in this note allows removal of the 
sinus gland with perhaps less disturbance or injury to the eyestalk than the method 
of Brown. As described here, the method represents the adoption, over several 
years, of slight modifications in technique to solve the various difficulties that ap- 

1 This work was started in 1941 with the aid of a grant from the Permanent Science Fund 
of the American Academy of Arts and Sciences. Continuation after the war was made possible 
by a John Simon Gugg^eim Memorial Fellowship. I am indebted to the Chairman of the 
Division and to the Director of the Biological Laboratories of Harvard University for the 
many courtesies and facilities extended me. 


52 



SINUS GLAND REMOVAL 


S3 


peared during removal of the sinus gland ; other investigators who may attempt such 
surgery will probably discover alternative improvements in the method. 

Such gland removal has been performed on the crayfish and the lobster, the 
latter animal being easier to operate upon because of its larger size. The steps out- 
lined below apply more readily to the crayfish. 

It was early found necessary to have the animal anesthetized, because with an 
animal that struggled during the more delicately manipulative steps of gland re- 
moval, serious damage of the nervous components of the eyestalk would result. 
Trial of several methods of anesthesia (chloretone, cold) were unsatisfactory; di- 
luted chloroform water proved to be excellent for the purpose. This was prepared 
by saturating 100 ml. of water with 1 ml. of chloroform by vigorous shaking, allow- 
ing the mixture to stand for 2 or 3 minutes so that undissolved chloroform droplets 
would settle, and pouring the supernatant into a large beaker to which was added 
about 500 ml. of water. The crayfish was immersed in this dilute chloroform solu- 
tion for 1~3 minutes ; much longer immersion gave too deep anesthesia which was 
not always followed by successful recovery. After remov^ from the chloroform 
solution the animal was washed briefly in running tap water and fastened to an 
operating board. 

The operating board was a rectangular piece of plywood, about 3% inches by 
6 inches in its dimensions, with a short stout elastic rubier band encircling each end. 
The anesthetized animal is held in place by inserting the chelipeds under the elastic 
band at one end, and the abdomen under the rubber band at the other end. After 
thus fastening the animal, a ligature of cotton thread is loosely tied around the non- 
skeletogenous base of the eyestalk. This serves as an effective hemostat during 
later steps of gland removal; excessive bleeding can be prevented or reduced by 
tightening the ligature. A small piece of modelling clay is used as a wedge between 
the stalk and the rostral orbit (Fig. 1) ; this keeps the eyestalk in a fixed position 
and prevents damage to the retina that might ordinarily result from pressure of the 
stalk against the carapace or rostral base during subsequent trephining. 

Trephination of the exoskeleton is accomplished with the aid of drills of ap- 
propriate size. For the eyestalk of Astacus trowbridgei, used in this study, a 
trephine meavsuring about 2 mm. in outside diameter was satisfactory.® The center- 
pin of the trephine was placed, as shown in Figure 2, slightly posteriorad of the long 
axis of the stalk and approximately in the center of the non-retinal portion. Rotation 
of the drill would cut a circumscribed disc of the exoskeleton (Fig. 3). It was 
found helpful to perform the trephination with the aid of a binocular dissecting mi- 
croscope, u.sing a magnification of about 18-20 X, and employing a source of bright 
illumination such as an adjustable-focus microscope lamp. Once the disc of exo- 
skeletal material had been cut thru, it was removed after carefully separating it 
from the underlying hypodermis by means of a fine knife. A series of knives of 
various sizes and shapes was prepared by sharpening steel needles on a hone and 
mounting them in convenient handles. The excise skeletal disc was placed in nor- 
mal saline, to be used later in closing the opening. The exposed hypodermis, 
readily recognized by its numerous red chromatophores, was dissected free and also 
stored in saline. When this has been done and the bright light focused on the oper- 
ative field, the nervous portion of the eyestalk and the outline of the sinus gland can 

Drills of assorted sizes have been made for me by Mr. H. G. Bliss, 507 Park Avenue, 
Herkimer, New York. 
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Figuke 1. The cephalic end of a crayfish, showing the left eyeslalk prepared for removal of 
the sinus gland. A ligature is first loosely tied around the base of the eyestalk ; this is tightened 
only before trephination is started. A piece of modelling clay holds liie stalk in position and 
avoids the risk of crushing the retinal portion against the rostrum or carapace. 

Figure 2. The left eyeslalk viewed from the dorsal side, showing the location of the 
trephine to expose the area of the sinus gland. 

Figure 3. The trephined area of the exoskelcton shown in diagrammatic form. 

• Figure 4. The trephined disc of skeletal material has been removed ; the hypodermis, lying 
directly underneath the exoskeleton has also been excised. In dotted outline are shown the 
optic ganglia and the sinus gland, enclosed in a thin transparent sheath, The muscles of the 
eyestalk are not shown. 

Figure S. The connective tissue sheath has been removed, showing the gland and its 
processes located between the 2nd and 3rd optic ganglia. 
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l)c detected with the l)inocular microscope. Some of the muscles of the stalk lie 
alongside the nerve ganglia, l)iit can be readily separated from the latter by a fine 
knife. The operative field at this point is diagrammed in Figure 4. A thin, trans- 
])arcnt sheath encloses the optic ganglia and the sinus gland. This sheath is care- 
fully slit, and the incision extended around the margin of the trephined area. In 
the light of the microscope lamp the sinus gland now appears as a bluish- white 
structure, (juite easily distinguishable from the nervous portion of the stalk (Fig. 5). 

The sinus gland is located between the second and third optic ganglia, in a 
somewhat dorso-posterior position with regard to the optic tract. In the crayfish 
{Cajiibants and Astacus) it is not as compact a structure as is found in many of the 
marine crustaceans ; a few filaments or processes of the gland are found to extend to 
adjacent ganglia ; in the eyestalk of Astacus this seems to be less pronounced than in 
Camharus. 

After the gland has been exposed, the processes and body of the gland are care- 
fully separated from the o])tic ganglia by a knife, and the entire structure removed 
with the aid of watchmaker’s forceps and iridectomy scissors. The operative field 
is examined with the binocular microscope to verify complete excision; fragments of 
the rdaments that have remained behind can be removed with the forceps. 

Following removal of the sinus gland, the hypodermis, previously excised and 
saved in saline, is replaced to fill the gap and the trephined disc of skeletal material is 
fitted into the opening in the exoskeleton of the eyestalk. The groove between the 
margin of this opening and the rim of the disc is filled with fibrin foam. This ma- 
terial originally consisted of samples from the laboratory of Professor E. J. Cohn of 
the Harvard Medical School; later, commercial preparations, “Gelfoam, No. 12” 
manufactured by the Upjohn Company, proved equally satisfactory. The ligature 
around the base of the eyestalk is removed. The slight oozing of blood that follows 
in the trephined area soon leads to clotting in contact with the fibrin foam. To 
facilitate this clotting and the desired fixing-in-place of the skeletal disc, the animal 
is removed from the operating board and placed in a vessel containing water to a 
depth not much greater than an inch; after 2-3 hours the operated animal is re- 
placed in its tank of dee])er water, with little risk that the trephined disc will be 
loosened and the area of operation ex])osed. 

In i)ractice I have found that the operation from anesthesia to gland removal and 
re])lacement of the disc re(|uires about 15 minutes. The initial attempts reciuired as 
long as an hour, until some facility in the procedure was attained. 
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THE COMPARATIVE TOLERANCES OF SOME FOUl.lNG 
ORGANISMS TO COPPER AND MERCURY^ 


CHARLES M. WEISS 

Woods Hole Oceanographic lustitnfiou, I floods Hole, Massachusclis 


The ability of marine organisms to attach to surfaces coated with shii)-hottom 
])aints depends on the toxicity of the surface and the sensitivity of the organisms to 
the toxic. Pyefinch (1946) presents a tabic showing the sensitivity of various or- 
ganisms to toxics determined primarily from analysis of their settlement on toxic 
surfaces at Millport, Scotland. In the present studies carried out in the Biscayne 
Bay area, Florida, the tolerances of several common fouling organisms to coi)per 
and mercury have been compared by observations of the seciuence of attachment to 
antifouling paints of moderate toxicity, to series of ])aints of graded toxicity, and 
to nontoxic surfaces adjacent to antifouling paint. 

Results 

An indication of the relative tolerance of various organisms to toxic paints can 
be obtained by observing the fre(|uency of their attachments to paints which arc be- 
ginning to fail after long exposure,* ft may be expected that the most lolcrant forms 
will be the first to attach. The organisms attaching earliest to each of 662 atiti- 
fouling paints exposed at Miami Beach and Tahili Beach, IHorida, were recorded 
with the following result: 


Jianiades f)7% 

Encrusting bryozoans 18 

Tlydroids 9 

Erect bryozoans 5 

Tunicalc.s 1 

Tubcwornis < 0.1 

Sponges < 0.1 


The order of attachment depends not only upon the tolerance of the organisms 
U) the toxics, but also uixni their seasonal occurrences, h'or example, hydroids atid 
those forms following them in the list attach first only when l)arnacles an<l on- 
crusting bryozoans arc absent from the fouling i)()i)ulation. Encrusting l)ryozoans 
rank below barnacles because they are absent during a large part of the year, while 
barnacles are present at almost all times. One of the encrusting hryozoans, Water- 
sipora cucullata, appears to be somewhat more tolerant to copper than tlic most tol- 

* Contribution No. 385 from the Woods Hole Oceanographic Institution. The observations 
described were made duririg an investigation of fouling by tlic Woods Hole Oceanographic 
Institution under contract with the Bureau of Ships, Navy Department, which has given per- 
mission for their publication. The opinions presented here arc those of the author and do not 
necessarily reflect the official opinion of the Navy Department or naval service at large. The 
author is indebted to Dr. B. H. Kctchum and Dr. A. C. Redficld for helpful advice and criticism. 
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erant barnacle s])ecies, Balanus awphitrite, since it frequently attached earlier when 
both organisms were present. 

The larva of a fouling organism which is unable to attach to a toxic paint surface 
may attach to a more resistant form which has already become established on the 
surface. Following this the adult may then spread over the paint surface. The 
relative tolerances of some fouling organisms to the toxic surfaces can frequently be 
assessed from these conditions of attachment. 

The l)arnacles, Balanus amphitrite and Balanus improvisus, and the encrusting 
bryozoan» Vratcrsipora CAiculIata, were found attached directly to paint surfaces. 
Attaching to and growing on these forms were Schhoporella nnicoruis, Anomia sp., 
Biujula avicularia, Pcnnaria tiarclla, Lepas anatifcra and tunicates. Examples of 
several of tliesc organisms which were unable to attach to atitifouling paints, but 
which attached to other forms on the paint, are shown in Figures 1-5. 

A more precise evaluation of tolerance is given by comparing the frequency 
of attachment of different organisms on a surface of moderate toxicity with their 
frequency on a nontoxic control surface. A paint of moderate toxicity will allow 
attachment only of the forms having the highest tolerance to the paint toxics. Glass 
I)anels coated on one side with a paint in which cuprous oxide served as the toxic 
were exposed for i)eriods of one month. The uncoated side served as a control. 
The use of the glass i)anel gave both surfaces the same color, thus eliminating any 
ditferential effect of color on attachment. TalJe T shows the numbers of barnacles 


Table 1 

Total number of barnacles attached to 33 nontoxic and toxic surfaces (SO square inches in area) 
exposed for one month at intervals between October 1944 and May 1946 


Bainade hpivics 

Bamacley on nuntoxic surface 

Barnacles on toxic surface 

Total 

% of total 

Total 

% of total 

halanus imprmnsus 

17,95<> 

89.7 

15 

9.4 

Balanus amphitrite 

1,503 

7.5 

145 

90.6 

Balanus eburneus 

564 

2.8 

0 

0.0 


of three species collected on these two surfaces. The total numbers of barnacles at- 
taching to the toxic paint surface are less than one per cent of those growing on the 
nonlo.xic control. Balanus amphilritc comprises over 90 per cent of the population 
on the toxic surface, l)eing the only barnacle species on most panels, though it is only 
7.S per cent of the ])opulation attaching to the control surface. In contrast Balanus 
improvisus makes up 90 per cent of the total attachment to the nontoxic surface 
but coni])rises only 9.4 per cent of the population on the paint. Balanus churncns 
is completely inhibited from the toxic surface. It is thus evident that each of these 
three species of the same genus demonstrates a different degree of tolerance to the 
copper ])aint. 

In addition to the barnacle fouling the only other significant attachment to this 
paint surface was the encrusting bryozoan Watersipora ciicullata and the green alga 
lififeroinorpha sp. Both of these species attached only during the periods of their 
maximum abniKlance. On the nonloxic panels a total of twenty species of fouling 
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Platk I 

FkiURB 1. A speckled tunicate limited in attachment to barnacles and Jnomia sp. without 
spreading onto the paint surface. 

Figure 2. Bngnht iwicuJarui attached to the encrusting l)ryo 2 oaii, Wntcrsiponi cmullata, 
which is growing directly on the paint. 

Figure 3. Barnacles attached to Watersipora ntcnllata which developed directly on the 
paint surface. Tubes of Dasychonc conspersa are also attached on IV, cucullala. 

Figure 4. Gooseneck barnacle, Lepas anatifera, attached to Halantis amphitriic which 
attached to an otherwise effective antifouling paint on a ship’s bottom. 

Figure 5. Two examples of Balanus xmproinsxis which attached to the more resistant 
barnacle, B, amphitritc. Photographed after removal from the paint surface. 

organisms attached during the period covered by these oliservations. ThCvse must 
be considered to be less tolerant than the four organisms which attached to the paint 
surface. 

In order to establish the relative tolerances to copper of the more sensitive foul- 
ing forms a set of paints containing graded amounts of copper flake pigment was pre- 
pared. The copper leaching rates of these paints were measured as descrilied hy 
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Ketchiim, Ferry, Redfield, and Burns { 1945) and were f(jund to vary in proportion 
to the pigment content and to decrease with the time of exposure. This series thus 
provided graded toxicities. 

The relative tolerance of attaching organisms could be judged by the time of ex- 
posure elapsing I>efore they attached to any one member of the series or by the num- 
ber of members of the series which were fouled at any one time. The paints were 
applied to tS X 10-inch weklwood panels w’hich were immersed at JMiami Beach and 
Tahiti Beach, Florida. The ct)mposition of the paints and the time of exposure 
before various fouling forms attached arc given in Table IL 

Table 11 

Number of months of exposure prior to appearance of fouling, on painted panels immersed in the 
sea at Miami Beach, Florida {May 2, 1945-March 2, 1946), and at Tahiti Beach, Florida {May 2, 
1945-Septemher 2, 1945). The paints contained graded amounts of copper flake in a vehicle consisting 
of equal parts, by weight, of polyvinyl bntyral and rosin. 


Paint numl)er 

API 2 

121 

122 

123 

124 

125 

Copper content, per cent diy weight 

00 

67 

45 

30 

23 

14 

Miami Beach 

Balanus amphilrite 

4 

3 

3 

2 

1 

1 

Watersi porn cucullata 

9 

Q 

8 

2 

2 

1 

Balanus improvisus 

a 

a 

a 

a 

2 

1 

Tahiti Beach 







Polysiphonia sp. 

3 

2 

2 

2 

2 

2 

Balanus amphitrite 

1) 

h 

4 

4 

3 

1 

Hydroides parvus 

1) 

b 

b 

4 

4 

3 


a. None of this species had attached to these paints after 10 months of exposure. 

b. None of these species had attached to these paints after 4 months of exposure. 


At Miami Beach only three fouling organisms attached to the copper paints, 
two species of barnacles and the encrusting bryozoan IVatcrsipora cucullata. 
4'hroughout the ])eriod of exposure there was no marked seasonal variation in the 
incidence of barnacles. However, seasonal fluctuation in the incidence of Water- 
si pora cucullata accounts principally for the nonattachment of this organism be- 
tw’een the second and ninth months of immersion of the paints. Its absence from 
the iiaints is, therefore, not indicative of its sensitivity to the ])aint toxic. 

Tha expostire at Tahiti Beach, Florida, indicated that, on these copper paints, a 
red alga of the genus Polysipliouia is more tolerant, and that the tube worm, Hy- 
droidcs parvus, is less tolerant than Balanus amphitritc. 

Some species of fouling were too sensitive to attach even to the paints of lowe^st 
toxicity. To ascertain their relative tolerance of paint toxics their sequence of at- 
tachment was noted on nontoxic areas adjacent to paint surfaces. Observations by 
Miller (1946) on the diffusion of toxics from antifouling paints indicate that toxic 
gradients exist, decreasing from the paint edge. To provide nontoxic areas for at- 
tachment adjacent to the paint surfaces, strips 5, 10, and 20 mm. in width were left 
free of paint on the panels of the graded toxicity series. 

At both exposure locations colonial tunicates attached to the widest bare strips on 
the paints of lowest toxicity, AF124 and AF125, by the second month of immersion. 



60 


CHARLES M. WEISS 


By tlie third and fourth months of exposure hydroids had attached to the initial 
fouling on thcwse nontoxic areas. These observations indicate that tunicates are 
more tolerant than hydroids to copper but less tolerant than those forms aide to 
attach directly to the paint surface. 

I^'rom the prccedinj’ observations several fouling forms can be arranged in order 
of decreasing tolerance to coi)per as follows: Polysiplionia sp., IPatcrsipora cucitUala, 
Balaniis ainpJiifritc, lUiIanus improvisus, Balanits chitnicits, Ilydroidcs parvus, 
tunicates and hydroids. 

In the examination of antifouling paints employing mercury pigments or mix- 
tures of mercur\ and copjier pigments as the toxic ingredients, it was noted that 
certain of the fouling organisms appeared to be more sensitive to mercury than to 
copper while for others the reverse was true. 

To establish the comparative tolerance of different species to mercury a series 
of jiaints containing mercurous chloride in graded concentration was made. The 
vehicle was the same as that used for the copper series. The mercury content of 
thCwse ])aints was e([ual in w^eight to the corresponding member of the copper 
series. These jiaints w'ere immersed simultaneously and at the same locations as 
the coi)i)er iiaints. The extent of ex])osure before fouling attached to the iiainl 
surfaces of the Ab''12 mercur\ series is .shown in Table III. 

Tablk III 

Xiiwher ol wonihs of exposure prior to appearante of Joulin^ on painted panels immersed in the 
sea at Miami Hiaih, Florida [May 2, 1^45-Marih 2, 1046), and at Tahiti Beach, Florida (May 2, 
1045September 2, 1945). The paints (ontained graded amounts of mercury, added as mermrous 
(hloride, in the vehiile described in Table II. 


I^iUnt numboi 

AF12 

121 

122 

I2.t 

124 

125 

Mcicun tent dn weiulil 

00 

07 

4.S 

30 

23 

U 

Miami Hcacli 







Bala n us amphilriie 

9 

0 

2 

2 

2 

1 

Balaniis imprmdsus 

a 

a 

a 

4 

9 

2 

Bunula neriiimi 

a 

a 

a 

2 

6 

1 

Waiersipora (luuUata 

a 

a 

a 

(P 

a 

4-' 

'I'ahili beach 







Polysiplionia sp. 

h 

l> 

1) 


5 

1 

Babin us am phi trite 

h 

1 ) 

1) 

1 ) 

2 

2 


a. None of these species luul attached to these paints after 10 months of exposure, 
h. None ol these si>ecies had allacluxl to these paint.s after 4 months of exposure. 

*■ Single specimen not present on following month. 


At Miami Beach four organitsms attached to this series of i)aints. The most 
resistant of these was Balaniis avipliitrife, followed in order by /?. improznsns and 
Bugiila umlina. Waiersipora ciicuUaia, which was found to be quite tolerant of 
copper, attached to only two of these paints, and in neither case was the attachment 
secure. Jn contrast, Bulyula ncritina was able to attach directly to the mercury 
])aints but was never found on any of the comparable copper paint surfaces. At 
Tahiti Beach Polysiplionia sip. was found to be more tolerant than Balanits am- 
phiiriic to the mercury paints. 
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Photographb of tv^o of the copper and two of the niercun i^aints of these scries, 
after nine months of exposure at Miami Beach, are shown in Figure 6. The abilit} 
of JVafersipora cue ullata to attach to the copper paints and its absence from the com- 
paral:)le mercury paints are shown Both of the copper paints and one oi the mer- 
cury paints are fouled with Balaniis ampliitrifc. 





Plate II 

FiMiRi (), Comparison of the allaclimciit of Watcrsipova cuiulkita to paints pigmented 
with copper and mcrcuiy after nine months of exposure PP cut ullata apptais on the copper 
series (toj) panels) as the dark disc-like organisms. 
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Nontoxic strips on ])ancls otherwise coated with the mercury ])aints j)cnnitted 
attachment of the more sensitive fouling forms. The more resistant forms men- 
tioned above always attached first to these nontoxic areas. In addition, IValcrsipora 
citcullafo, /Inoinia sp., hydroids and tunicates invaded the un])aintcd areas at Miami 
Leach. At Tahiti Beach Enteroinorpha s]). and llydroklcs parvus attached in the 
order given. 

These exposures indicate the following order of decreasing tolerance of some 
fouling organisms to mercury as a paint toxic: Polysipliouia sp., Balanus aiuphitriic, 
Biujitla ncritimij Bahinns iniprovisns, IWitersipora cucullata, Anouiia sp., Euicro- 
inorpha sp., Hydroidcs panms, hydroids and tunicates. 

From the results of the various methods described above the comparative toler- 
ance of several fouling organisms to copper and mercury has been evaluated. The 
results are given in Table TV. The organisms listed as attaching to adjacent 


Table IV 


The (ompnratwe tolcrame of some foul in orffanisms of the Biscaync Bay area, Florida, to copper 
and mercury employed as pif*meMts in antifoulinif paints. The lists are arranged in approximate 
order of decreasing tolmince. 


Organisms found atlachwl to t<).\ic 
paint surfaces 


Organisms found mainly uUachcHl to 
nonloxic areas adjacent to paint 
surfaces 


C'opJK*! 

Polys iphonia sp. 
Waters ipora cucullata 
Balanus amphitrite 
Enteromorpha sp. 
Balanus improvistts 
Balanus eburneus 
Hydroides parvus 

Anomia sp. 

Bugtila neritina 
Biigula avkularia 
Lepas anatifera 
tunicates 
hydroids 


Mpiciuy 


Polys iphonia sp. 
Balanus amphitrite 
Bngula neritina 
Balanus improvisiis 
Watersipora cucullata 


A nomia sp. 
Enteromorpha sp. 
Hydroides parvus 
liydroids 
tunicates 


iionto.\ic surfaces include those which may on occasion be found on ])aints of low 
toxicity btit which generally do not attach directly tt) the paint .surface. The exact 
position in the order of decreasing tolerance, for all but the first three organisms in 
each column, re([uires further verification. 


Dlscussion 

Relatively few of the sessile s])ccies in the Miami area which attach to neutral 
surfaces are able to attach to antifouling paints. liven paints of such low toxicity 
that they become completely covered permit the attachment of only four or five 
fomis. Many less resistant fouling organisms arc excluded from the paint sttrface. 
Effective antifouling paints must be de.signed to prevent the attachment of the few 
most tolerant forms. 

The species most tolerant of co])pcr are different from those most resistant to 
mercury. The conflicting opinions which liave existed concerning the relative 
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efficiencies of copper and mercury compounds as paint toxics may depend largely 
on the species of fouling organisms present at the particular testing location. 

The present results and those given by Pyefinch (1946) agree in showing that 
Enteromorpha and Polysiphonia are among the more resistant forms, and Anomia 
and timicates have low tolerance to paint toxics. Tubularian hydroids were noted 
only as secondary fouling at Miami, though Pyefinch rates them more resistant than 
Balaniis and equal to Enteromorpha. A direct comparison of the results with 
BaJmiis is not feasible since the three species found in Miami showed marked differ- 
ences in toxic sensitivity. None of these species are found at Millport where Pye- 
finch’s studies were made. Pyefinch lists a greater variety of algae, including di- 
atoms, which were not included in the investigations at Miami. 

Summary 

The comparative toxic tolerance of several fouling organisms was based on the 
sequence of their attachment to copper and mercury antifouling paints. A red alga, 
Polysiphonia sp., and the barnacle, Balanus amphitrite, were the most tolerant and 
attached to copper and mercury paints before other organisms. The encrusting 
bryozoan, Watcrsipora cucullata, was found to be slightly more tolerant to copper 
but considerably less tolerant to mercury than the above two forms. Less tolerant 
forms were Balanus improvisus, Hydroides parvus, Bugula neritina, Anomia sp., 
Enteromorpha sp., tunicates and hydroids. Other species, though attaching to 
nontoxic surfaces, were never found on the toxic paints. 
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Introduction 

The measure of the biochemical similarity among organisms is of interest to all 
persons doing research whose ultimate goal is to determine the essential nature of 
organisms. A natural consequence of studies in this direction is the systematic 
classification of organisms based on the similarities and differences in their serologi- 
cal behavior. The blood sera and the soluble protein constituents have been the 
chief sul)strates through which serological classifications have been made. Ex- 
tractions of whole organisms such as insects have also proved to be adequate for 
comparing the similarity among insect species' (Leone, 1947) . Systematic serology 
does not necessarily answer questions on the phylogenetic origin of organisms, but 
rather associates animals as they exist today into natural classifications based on 
their essential biochemical similarities. 

The following paper is dcvsigned to show the type of serological results that can 
be expected when various families in the insect order Ortlioptera are examined sero- 
logicdly. The organisms used in these tests are listed below : 


Family 


Acriclidae 


Tettigoniidae 

Mantiduc 

Gryllidae 

Blattidac 


Scientific name 

Melanoplusfemzir-rubriim DeG. 
Melanoplns different ialis Thos. 
Romalea microptera Beauv. 
Paroxya atlantica Scudd. 
Leptysma mar^uucoUis Sorv. 
Spharagemon bolli Scudd, 
Arpliia xanthoptera Bunn. 
Conoccphaliis strktus Scudd. 
Conocephalus J a seta f us DcG. 
Paralenodera sinensis Stiuss, 
Gryllus ass i mil is Fabr. 
Periplaneta amcricana (Linn.) 


Common name 

Retl-leggcd grasshopper 
Differential grasshopper 
Florida lubber grasshopper 
Atlantic locust 
Slender locust 
Boll’s locust 
Yellow-winged IcK'UBt 
Straight-hneed grasshopper 
Slender-mcjidow grasshopper 
Chinese mantis 
Field cricket 
American c<jckroacli 


Materials and Methods 


Preparation of antigens 

After first removing the tarsi and the wings tlie insects were ground in a mortar 
with sand. Sufficient buffered 0.85 per cent NaCl was added to prevent drying 
and denaturation of the saline soluble components. The resulting emulsions were 
cleared using the same techniques described in a previous paper by the author 
(Leone, 1947). Micro-Kjeldahl nitrogen determinations were performed to de- 
termine the total nitrogen and the non-protein nitrogen. Values for the protein 
content of the antigens were determined as follows ; grams total nitrogen — grams 
non-protein nitrogen = grams protein nitrogen X 6.25 X 100 = grams per cent pro- 
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tein in solution. These values are given in Table I. When only a few insects of a 
given species were available, it was necessary to dilute the extract sufficiently to ob- 
tain volumes large enough to conduct the projected tests. As a result of this the 
concentrations of protein in solution were markedly reduced in some antigen ex- 
tracts. 


Table I 

Protein concentrations in extracts of Orthoptera 


Organism 

Key 

Grams protein per cent 

Melanoplus femur-rubrum 

GR 

0.32 

Melanoplus differentialis 

GD 

0.22 

Romalea microptera 

GF 

0.07 

Paroxya atlantica 

GA 

0.05 

Leptysma marginicollis 

GS 

0.03 

Spharagemon bolli 

GB 

0.10 

Arphia xanthoptera 

GY 

0.06 

Conocephalus strictus 

GL 

0.04 

Conocephalus fasciatus 

GM 

O.OS 

Paratenodera sinensis 

MC 

0.09 

Gryllus assimilis 

KC 

0.13 

Periplaneta americana 

CA 

0.82 


Preparations of antisera 

A series of four doubling doses of antigen were injected intravenously in rabbits 
on alternate days ; initial injection was one ml. A second series of antigen injec- 
tions were given to a rabbit if a preliminary bleeding and testing seven days after 
the last injection revealed little or no response to the antigen. Final bleedings by 
cardiac puncture were performed on the eighth day after the last injection. The 
blood was permitted to clot for 24 hours. The expressed sera were centrifuged, 
sterile filtered through a Seitz filter, bottled in serum vials, and stored in the 
refrigerator. 

Methods of testing 

Ring tests were performed in accordance with standardized procedures as out- 
lined by Boyden (1926). 

Photoelectric measurements of precipitin turbidities were made using the Libby 
photroureflectometer (photron’er) (1938). Titrations were performed and re- 
sults plotted using the technique of Boyden and DeFalco (1943). 

EJxperimental Results 

The production of immune sera against all the Orthoptera except the Blattidae 
(roaches) proved to be difficult. Protein concentrations were low, and this fact, 
together with the small quantities of material available restricted the number of 
injections that could be used to produce an antiserum, and also restricted the num- 
ber of tests that could be carried out with any one antigen. The photron’er curves 
proved to have low peaks and broad bases. Inler-family relationships could be 
established witli these curves. Ring test reactions, in general, confirmed the whole 
curve comparisons of the insect antigens, in so far as this limited technique can be 
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compared with the nephelometric photron’er metliod. Typical sets of data are pre- 
sented to show the correspondence obtained by the two methods (Figs. 1 and 2) . A 
summary of all the information obtained using both techniques is presented in 
Table 11. 



Figurk 1. A i)holnm'or curve series titrated asaiiist ati a.nii-Mclmwl>lus fcmnr-rulmim 
senun. PcrceutaRe values indicate the relative degrees of correspondence to the homologous 
antigen Mclatwplus fanur-ruhrum, demon.strated by the various heterologous antigens. The 
undiluted antiserum shows a low order of turbidities but a broad reactivity rajige. 

Family Acrididae (Short-Iwnied grasshol>pers) 

Antisera sufficiently powerful to be recorded on the photron'er were secured 
in only two instances, one against the Florida Lubber grasshopper (Romalea mi- 
croptera), and the other against the Red-legged grasshopper (Melanoplus femur- 
rubrum) . The latter antiserum was obteuned as the result of a double series^ of in- 
jections separated by a period of eight days between-the first and second injection 

series. . . . . , 

The anti-Lubber grasshopper serum showed only a slight discrimination be- 
tween the Red-legged and the Differential grasshoppers (^Melanoplus differentialis). 



Table II 

Comparison of ring Ust and photron’er test results 


SEROLOGY AMONG INSECT SPECIES 


67 


Antigens 

(Relationship values in per cent) 

tionoj waoijauiv 

o p p q 

O O 00 o> o 

i-H <N o 

oo p o o p p o 
vd d d »d d d d 

CM <M O 

lasioTjo ppijj 

O O o fO 

d d NO g nJ 

lO p p p p p p 

CM* d d id d d 

— H CM O CM 

r-t 

spunm asouin3 

o o o »o o 
ddodd 

OO O O O 00 00 o 

NO ddgNONOd 

JtaddoqfismS 

poDirei-itiStni^S 

^ o p 

cnJ d d 

to o p p p 

cm’ »d cm cm d 

■pH cm .-H ^ 

idddoiissniS 

M.Opn3llZ>J!3plQlS 

o o 
d d 

0.0 

^snooi -laptiais 

23.8 

2.8 

o o o o p o 

d d d d d d 

to CM 

paSufM-Aioip;^ 

29.2 

0.0 

0.0 

o p o o o p p 
d d d d d d id 

lO CM 

:|8nDoi fi.noa 

O 

d 

p o o o p 
d d d d d 


44.7 

0.0 

oooooppo 
dddddddd 
to lo o lo 

hH 

iaddoqssBiS 
jtaqqnt ispuoiji 

50.7 

100.0 

0.0 

25.0 

100.0 

6.8 

12.5 

joddoqssBJS 

IBi^XKjrafRa 

ON p O »0 O 
On d d 

m 

o p p O p’p 

d d cd d NO d 

lO o »o 

tH 

jaddoxpsBiS 

paSSai-pan 

o o o o 
g d d NO d 

OOlOOOOOOOO 

ddcModdNod 

O O o o 

.fH .pH p.H pH 

SpWBBnOin 

snoSoiotuoH 


NOCM-^CMNOVONOOO 

lOtONOCOiOiOlOCM 

CM CM CM CM ^ 

Antisera 

Red-i^ged grasshopper 

Florida lubber grasshopper 
Chinese mantis 

Field cricket 

American roach 

Red-l^ed grasshopper 
Differential grasshopper 

Florida lubber grasshopper 
Atlantic locust 

Chinese mantis 

Field cricket 

American roach 

Red-l^ed grasshopper 

(Diluted 1+1) 

s;s9 T Sui-jj 



68 


CHARLES A. LEONE 


PERCENTAGE RELATIONSHIP 
10 20 30 40 50 60 70 80 90 100% 


GR 1 

GH 



GA 
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OS 


-3 2 

-32 

GF 

—..(6 



Key 

Antigens 


GR 

Rcd-leggcd grasshopper 


GD 

Differential grasshopper 


GA 

Atlantic locust 


GV 

Yellow- winged locust 


GS 

Slender locust 


GL 

Straight-lanced grasshopper 


GF 

Florida lubber grasshopper 


Figure 2. A typical plot of ring lest titers obtained by heterologous antigens titrated 
against an ^nti’Mclanoplns fcmur-rubrum scrum. The number behind each line represents 
the highest dilution, in thousands, at which a definite intcrfacial ring was obtained. Ring tests 
performed using undiluted antiserum gave undifferentiating titers among all the Acrididac 
except the Lubber grasshopper, A dilution of the antiserum with equal parts of saline gave 
the above discrimination. 

The anti-Red-legged grasshopper serum demonstrated an ability to react against 
many heterologous antigens. Even closely related forms could be readily dis- 
tinguished, however of the species that showed reactivity, the Straight-lanced 
grasshopper {Conoco phahts sf rictus) belonging to the more distant Tettigoniidae, 
showed the least amount of turbidity. The manticls, crickets, and roache.s produced 
no heterologous turbidities in the photron’er and thus inclicatccl their more dis- 
tant relationship. 

The confirmation of the reduced reactivity of these more di.stant s])ecies when 
tested with the ring test was striking. Intra-family differences could not be dem- 
onstrated with the ring test (exception may be cited in the case of the Lul)ber grass- 
hopper Romalca micro ptcra). A dilution of one part scrum to one part saline re- 
duced the reactivity of the antiserum to such an extent (and also increased its 
specificity) that all organisms outside the family no longer reacted. 

Antisera procured against other mem])ers of the family Acriclidae, i.e,, the 
Differential grasshopper and the Atlantic locust were too weak to give photron’er 
readings. Ring test titers for these organisms were very low also, the homologous 
reactions having a titer of only 1 to 32000. 

Family Mantidae {Praying maniids) 

Only a single species of this family, the Chinese mantis {Paratenodera sinensis) 
was secured. The photron'er results indicate a very specific antiserum with the 
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families Blattidae and Gryllidae barely making their appearance. The Blattidae 
(Periplaneta amcricam) show a closer relationship to the Mantidae than any other 
family considered. 

Ring test results indicate undifferentiating^heterologous titers among the cricket, 
roach, and Straight-lanced grasshopper, representing their respective families 
Gryllidae, Blattidae, and Tettigoniidae when compared against the Mantid. The 
family Acrididae, evidently more distant, did not react. 

Family Gryllidae {Crickets) 

In view of the morphological indistinctness of the several large black species 
of crickets, all the specimens collected were pooled and treated as a single type spe- 
cies {Gryllus assimilis) to represent this family. By photron'er test the Blattidae 
(roaches) showed the closest relationship; other families, on the whole, reacted 
weakly. Greater differentiation of these distant relatives was shown by the ring 
tests. 

Family Tettigoniidae {Long-horned grasshoppers and katydids) 

Two species were secured to represent this family, the Straight-lanced grass- 
hopper {Conoccphalus strictus) and the Slender-meadow grasshopper {Cono- 
cephaliis jasciatus). Antisera were not obtained against these antigens. Both 
species were used however in the heterologous reactions to aid in establishing their 
position with respect to other species and the position of other species with respect 
to them. 

Family Blattidae {Roaches) 

One sample of the American cockroach {Periplaneta americana) was chosen to 
represent this family. The antiserum was the most powerful of all those tested, 
i.e., gave the greatest turbidity readings, but also was among the most specific of 
the antisera with respect to inter-family reactions on the photron'er. The field 
encompassed by means of the ring test technique is somewhat broader than the 
photron’er examination of this antiserum. The Gryllidae reactions were the most 
nearly like the Blattidae, of all the families tested. The Tettigoniidae, Acrididae, 
and the Mantidae showed lessened but approximately the same degrees of relation- 
ship to the Blattidae. 

Discussion 

The results as presented above are at best only a beginning in the study of the 
problem of the quantitative systematic serology of insects. The insect species used 
in the tests were chosen because of their availability to the writer. No attempt was 
made te choose species in such a way, or to perform tests in such a manner as to 
solve particularly significant problems in insect relationships. It was desired to 
know the type of serological results that could be obtained using extracts of whole 
insects as antigens characteristic for the species tested. 

The results do indicate the feasibility of making a quantitative serologic analysis 
of representatives of the families, genera, and species of insects. 

Boyden (1943) has been able to establish relatively constant inter-species, inter- 
generic, and inter-family relationships among the Crustacea. His average value for 
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the relationship of sera of the same genus is 46 per cent ; the averaged value for re- 
lationships of genera in the same family is 30 per cent ; and, for inter-family rela- 
tionships the average is 9 per cent. 

Intra-generic values for the two species of Melanoplus considered in this paper 
have a value of 54.7 per cent. The averaged relationships of extracts of genera 
within the insect family Acrididae proved to have a value of 28 per cent. Inter- 
family relationships for the order Orthoptera have an average value of 1 1.5 per cent. 
The extremes of the serological relationship values for any given group using ex- 
tracts of fresh insects are all within the extreme values reported by Boyden, who 
used whole sera for his comparisons. The averaged values obtained for relation- 
ships between species, genera, and families are in accord with the Crustacea values. 

More information will have to be acquired on the nature of serological reactions, 
and more data accumulated on actual systematic tests before serological limits in 
terms of percentages, or other statistical rankings, can be summarized or defined as 
representing “species,” or “genera,” or “families’’ of insects. 

Tentative serological relationships for four of the five families of Orthoptera in- 
vestigated are given in Figure 3. The fifth family tested, the Tettigoniidae are not 



Figure 3. A diagram to show the relative diRtance.s of four families of Orthoptera from 
each other. The data arc tentative inasmuch as the families liavc not yet had really adequate 
testing. The families concerned are Blattidac (R), Mantidae (M), Gryllidae (C), and 
Acrididae (G). The figure requires three dimensions for adequate representation, hence values 
contiguous to the Blattidae locus are not in proportion with the remainder of the figure. A 
value of 99 represents the maximum measurable distance between any two families. 

represented in Figure 3 inasmuch as no antiserum was produced against this family 
and reciprocal relationships could not be established. It should be pointed out that 
the values given are not absolute but only relative. A summary of the relationships 
of these Orthoptera as determined by the comparison of extracts made from whole 
insects is as follows : 
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A. Blattidae — ^approximately equidistant from the Mantidae and Gryllidae and 
closer to these families than to the Acrididae. 

B. Mantidae — ^most closely related to the Blattidae. Approximately equally re- 
lated to the more distant Gryllidae and Acrididae. 

C. Gryllidae — closer to Blattidae than to Mantidae and Acrididae. 

D. Acrididae — ^appears to be more closely related to Gryllidae and Blattidae, 
than to the Mantidae. 

E. Teltigoniidae — most distant from the Mantidae and Blattidae of all the fam- 
ilies tested. Shows slightly more relationship to the Acrididae than to the 
other families. 

There is striking correlation between the findings of Crampton (1932) in his 
taxonomic and phylogenetic studies and the orientation of insect families as dis- 
cussed above, indicating that there may be some correlation between time of origin 
and degree of similarity in the antigenic constituents of insects, i.e., their serum pro- 
teins and other extractable proteins. Except for the position assigned to the 
(iryllidae, there is also general agreement between the phylogenetic tree of Walker 
( 1922) and the relative positions occupied by the five families of Orthoptera in- 
vestigated in tliis paper. As stated previously, however, systematic serology does 
not attempt to give a final answer to questions on the phylogenetic origin of organ- 
isms, but rather associates animals as they exist today into natural classifications 
based on their essential biochemical similarities. Where serological evidence is in 
agreement with a paleologic-taxonomic study which correlates phylogenetic origin 
and present day classifications, then the biochemical (i.e., serological) evidence be- 
comes additive to the other two and increases the likelihood that such a study pre- 
sents the true picture of the evolutionary development of tlie species examined. 

Summary 

1 , Representatives of five families of the insect ordei Orthoptera were compared 
serologically. 

2. On tlie basis of the degree of serological similarity among them the relative 
positions of these five families are given. 
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Introduction 

The nervous regulation of the decapod crustacean heart has been studied for 
over a century, yet the nature of the mechanisms involved are still obscure. The 
nerves concenied are minute, and only in recent years has a picture been obtained 
of the anatomical relationships of the cardio-regulatory nerves to the heart and its 
ganglion cells. 

Inhibitory cardiac nervCwS in crayfish were early indicated or demonstrated by 
several investigators including Dogiel (1876, 1877), Yung (1878), and Plateau 
( 1878, 1880) , whose work showed in a general way that these nerves arise from the 
anterior part of the thoracic ganglionic chain or mass. Dogiel believed that nerves 
arising anterior to the stenial artery and running to the pericardium and abdominal 
extensor muscles were inhibitory, but as his only points of electrical stimulation 
were the pericai'dium and the thoracic nerve cord between the bases of the second 
and third leg nerves it does not appear that he traced the inhibitory nerves in detail. 
In view of frequent misquotations it is well to note that “Dogiel’s nerve” was never 
claimed to run along the sternal artery or actually to enter the heart. Inhibitory 
cardiac nerves in the crayfish have recently been traced by Wiersma and Novitski 
(1942). 

Definitive information on the course of inhibitory cardiac nerves in crabs rests 
upon the work of Jolyet and Viallanes (1892, 1893), Conant and Clark (1896), and 
Bottazzi (1901). Conant and Clark demonstrated most clearly in CalUncctcs that 
the inhil)itory nerves arivsc as a vsinglc pair close to the bawses of the recurrent cutane- 
ous nerves, and run with these large nerves antcrodorsally from the thoracic gang- 
lion, eventually seiiarating and joining the cardio-accelcrator nerves on each side 
to form the lateral ])ericardial plexus. The entrance of the inhibitory nerves into 
the heart was not observed by Conant and Clark, but the ob.servations of Alexandro- 
wicz (1932), Heath (1941), and the writer are in agreement that the cai'dio- 
regulatory nerves enter the crab heart as a single dorsolateral pair of delicate strands, 
containing very few fibers. 

Interest in cardio-accelcrator nerves at first centered about “Lemoine’s nerve,” 
which was described in the crayfish by Lemoine (1868) as arising from the stomato- 
gastric nervous system on the anterior dorsal wall of the stomach. This nerve, 
which is extremely fine, was reported to run beneath the ophtlialmic artery and to 
break up as it entered the heart. In view of later misquotations, it is well to note 

1 Now with the Department of Zoology, University of California, Berkeley. The material 
reported herein is condensed from a thesis submitted to the Faculty of Harvard University on 
May 1, 1942 in partial fulfillment of the requirements for the Doctorate in Zoology. 
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that Lenioine did not derive his cardiac nerve from the cerebral ganglia, nor did he 
produce any effects on the heart by stimulation of the ‘"brain.” The positive results 
of stimulation of “Lcmoine’s nerve” reported by several authors (Lemoine, 1868; 
Yung, 1878; Plateau, 1880) were possibly a reflex phenomenon. More recent 
workers, including Jolyet and Viallanes (1892, 1893), Conant and Clark (1896), 
Wiersnia and Novitski (1942), have not found “Lemoine’s nerve” to be a cardio- 
accelerator. Vital staining studies by Alexandrowicz (1932), Heath (1941) and 
the writer show that this nerve in the crab innervates the anterior valves of the heart, 
and does not pass to heart ganglion or muscle. Jolyet and Viallanes (1892, 1893), 
confirmed by Conant and Clark (1896), showed that the cardio-acceleratory nerves 
in crabs consist of two pairs arising dorsal to the bases of the nerves to the third 
maxilliped and the first leg. The two acceleratory nerv^es on each side join the 
single inhibitory nerve to form the lateral pericardial plexus, from which the ac- 
celeratory nerves pass into the heart in the same thin strand which carries the in- 
hibitors. 

The cardiac ganglion (intrinsic ganglion) of the crab heart, as in other marine 
decapods, contains about nine cells and sends its fibers in a complex but regular 
pattern throughout the heart (Alexandrowicz, 1932). It is innervated by the single 
pair of nerves carrying inhibitory^ and excitatory fibers. The exact relationship of 
each type of fiber to the heart ganglion and heart ‘muscle is not fully understood. 
Alexandrowicz and others have observed that the fibers entering the heart are of two 
sizes, the larger of which make synaptic contact with processes of the ganglion cells, 
while the smaller fibers pass to the muscle. Alexandrowicz suggests that the thicker 
fibers are inhibitory, the thinner excitatory. However, in their studies of the 
multiple innervation of crustacean limb muscles, van Harreveld and Wiersma 
(1939) have found that the inhibitory fiber is thinner than the motor fibers to the 
same muscle, while Wiersnia and Novitski (1942) have shown that the cardio-ac- 
celeratory nerves in the crayfish probably act upon the heart ganglion rather than 
on muscle. 

Pharmacological studies have indicated that a cholinergic nervous mechanism is 
concerned in the initiation of heartbeat in higher crustaceans (Welsh, 1939a, 1939b ; 
Davenport, Loomis, and Opler, 1940; Davenport, 1941, 1942; Prosser, 1942 and 
others). The is(jlatcd decapod heart is stimulated by acetylcholine, an effect aug- 
mented by eserinc and blocked by atropine. While it is generally agreed that the 
intrinsic ganglion has a pacemaker function, and that it is stimulated by acetylcholine 
(Welsh, 1942), attempts to determine whether acetylcholine acts in a muscarine-like 
or in a nicotine-like fashion on the ganglion or muscle of the isolated heart (Daven- 
port, 1941, 1942) have revealed little concerning the manner of action of the regu- 
latory nerves which reach the heart from the central nervous system. 

In pharmacological studies of the isolated heart it has generally not been possible 
to tell at what sites the drugs used are actually taking effect. For instance, the 
rate of the isolated crustacean heart is quickened by acetylcholine. This effect is 
probably due to the action of the drug on the heart ganglion, but the possibility of a 
direct action on the muscle remains. The sensitivity of the ganglion to acetylcholine 
does not prove that the neurons of the ganglion are themselves cholinergic. They 
might be cholinergic, adrenergic, or of some still unknown nature. It is helpful to 
recall that in vertebrates cholinergic preganglionic fibers may stimulate either 
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cholinergic or adrenergic postganglionic neurons in the autonomic nervous system. 
Thus the situation in the isolated crustacean heart is more complex than it may ap- 
pear at first glance. When a drug is applied to the whole heart, it undoubtedly has 
some effect on muscle as well as on the ganglion, and if we admit tlie possibility 
of its stimulating the remnants of regulatory nerve still within the heart, we see 
further complications, not only because we may not be able to identify the effects of 
the regulatory nerves in the total response, but also because the simultaneous 
stimulation of these opposing nerves could produce conflicting effects. Since the 
completion of the work reported here, Wiersma and Novitski (1942) have shown 
that perfused acetylcholine and excitatory nerve stimulation produce similar effects 
in the crayfish heart, and that eserine augments the effect of nerve stimulation upon 
heart rate. These observations may be considered as excellent evidence for the 
cholingeric nature of the cardio-accelerator nerves and for the termination of these 
nerves upon the ganglion cells rather than on muscle. However, it is still not known 
at what point in the heart the inhibitory nerves act. Previous studies by the writer 
on nervous inhibition of the heart of PannUrits (Smith, 1940-41) led to the con- 
clusion that the cardiac ganglion was po.ssibly cholinergic, but that the inhibitory 
mechanism was not of the “muscarine-like” cholinergic type.^ 

In view of the scarcity of direct evidence on the nature of the regulatory heart 
nerves it was felt that further study of the effects of certain drugs on the action of 
these nerves in a semi-intact preparation might yield information regarding their 
nature and mode of action. It was originally hoped that this work could include 
an electrical study of the heart ganglion when the heart was being inhibited or excited 
by nervous action, in order to clarify the role of the heart ganglion in nervous 
control, but, unfortunately, exigencies of 1942 did not permit electrical studies to be 
made. 

Throughout this work I received constant encouragement and much helpful 
criticism from Dr. John H. Welsh, to whom [ wish to express my gratitude. 

Matkrial and Methods 

The eastern rock crab, Cancer irrorattts, was found to be of suitable size and 
hardiness for winter laboratory use if maintained xuider cold conditions. By suit- 
able cannulatioii, the heart wa.s pei^fused in silu with physiological solutions or drugs. 
Heart action was recorded kymographically, while stimulation was ai)pHed to the 
inhibitory and to the excitatory nerves by means of two sets of mechanically manipu- 
lated electrodes which were left in place upon the nerves through the course of an 
experiment. ExpOwSure of the tlioracic nerve mass from beneath gave access to 
these nerves close to their point of origin, at a considerable distance from the heart. 
Stimulation was supplied either by a pair of Harvard inductoria, or by a thyratron 
stimulator (modified after Delaunois, 1939) giving repetitive shocks at controllable 
frequencies and voltages. 

Perfusion fluid was made up following Cole's (1940) analysis of the blood of 
Cancer borealis » (An analysis of the blood of C, irroratns, generously carried out 
by Dr. Cole, showed that the composition of the blood of this species is similar to 
to that of C. borealis,) 

*The statement in the orignoal report (Smith, 1940-41) that, *‘lhe inhibitory mechanism is 
not of the cholinergic type,*' was not justified by experimental results, and should be in the less 
sweeping form, “not of the muscarine-like cholinergic type.” 
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NaCl 0.506 M 1000 parts 

KCl 0.506 M 26.1 parts MgCh 0.506 M 8.7 partb 

CaClj 0.506 M 26.1 parts MgS 04 0.506 M 39.1 parts 

To each liter of solution was added 17.6 cc. of 0.5 M boric acid and 0.96 cc. of 
0.5 M NaOH as a buffer. 

The crab heart perfused in situ exhibits a steady beat which may be slow or 
rapid, depending upon the temperature and the conditions of the dissection and 
perfusion. For best results, all the supporting ligaments of the heart should be 
intact, although a fairly good beat may often be obtained when the posterodorsal 
ligament has been severed, A low temperature (10® — IS® C.) is much more favor- 
able than room temperature at any season. The pressure within the heart, which de- 
pends upon the rate of perfusion as well as upon the integrity of the heart and its 
valves, largely controls the amplitude and rate of beat. In diastole the heart is 
stretched horizontally by its elastic supporting ligaments until it presents a broad, 
flat or slightly depressed dorsal surface In systole, the internal pressure causes 
the dorsal surface to bulge upwards as the heart passes from a flat to a more 
rounded cross-section, while at the same time, the rear wall of the heart bulges 
posteriorly. This latter motion was recorded in the tracings as a sharp upward 
deflection of the writing lever. 

With insufficient internal pressure, the heartbeat is weak and irregular, or may 
even cease. Too great pressure causes a marked increase in amplitude and rate of 
beat. In this work, the perfusion rate was adjusted until the heart was beating 
steadily, and not showing more than slight passive swelling between beats. Sudden 
increases in the rate of perfusion produce an increase in the amplitude and rate of 
beat strikingly similar to that caused by the excitatory nerves. That tlois is not 
a reflex phenomenon involving these nerves can be shown by its continuance 
after complete removal of the central nervous system. On the other hand, a de- 
crease in the pressure exerted within the heart by the perfusion fluid may cause 
slowing or cessation of beat. These results of internal pressure changes will be 
found helpful in explaining certain after-effects of nervous excitation and inhibition. 

Effects of Faradtc Stimulation of Cardio-Regulatory Nerves 
Nertfous inhibition 

The inhibitory nerve to the heart was stimulated close to the basal portion of the 
recurrent cutaneous nerve, just forward of the ventral thoracic ganglion (see Fig. 
1). With the ventral approach to the inhibitory nerves, there is little danger of 
confusion from accidental stimulation of the excitatory nerves. In this work, stim- 
uli only slightly above threshold have been used, and in properly set up preparations 
no effects of any spread of current from the point of stimulation have been noted. 

With inductorium stimulation, cardiac inhibition is usually complete, there be- 
ing only a very narrow range in which partial inhibition can be obtained. For this 
reason, the inductorium is useful mainly to determine the intensity threshold for 
complete inhibition. The inhibition obtained by these means is an abrupt cessation 
of heartbeat when the intensity threshold is reached. This persists for ten to 
sixty seconds if the stimulus is continued, after which ‘"escape” beats occur, lead- 
ing to restoration of a normal beat. If the stimulus is discontinued while the heart 
is stopped, the beat is restored immediately, without perceptible inhibitory after- 
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effect. In a few cases, the first beats after inhibition are of increased amplitude or 
rate. Observation has shown that during the period of inhibition, the continued 
inflow of fluid sometimes stretches the heart passively, as indicated by a rise in 
the traced record. When a stretching of the muscle occurs, the effect at the restora- 
tion of beat is the same as that resulting from an increase in perfusion rate, hence 
the heart responds by an augmentation of l)eat. Jn cases where the rate of per- 
fusion is low, or when the heart stopped in diastole still tends to drain naturally, 
there is no evidence of distention, and as a result, no stimulatory after-effect of in- 
hibition. 

Nervous excitation 

The two pairs of excitatory nerves arise dorsal to tlie bases of the nerves to 
the third maxillipeds and the chelipeds respectively (sec Fig. 1). Stimulation of 
these nerves in the vicinity of the heart is not effective because of interference from 
the nearby inhibitory fibers, but they are easily stimulated as they leave the thoracic 
ganglion. Commonly, the electrodes were placed to the rear of cither of the large 
nerves mentioned above, dorsal to whose roots the heart nerves arise. However, 
because of the fact that the inhibitory nerves arise only slightly anterior to the 
excitatory, it is advisable to sever the inhibitory nerve on the side where the 
excitatory nerves are being stimulated. Excitation caused by faradic stimulation 
does not show a sharp threshold. It develops gradually with increasing intensity 
of stimulation, and soon reaches a maximum. One cannot well speak of '‘partial 
excitation,*’ It would have been desirable to establish a quantitative measure of the 
amount of excitation produced, but because of the great variation in the character 
of the response in different hearts no reliable method was devised, According to the 
condition of the valves after the manipulation attending cannulation, the accelerated 
heart may literally pump itself dry, or it may retain fluid and increase the internal 
pressure. With these and possibly other variables operating to modify the picture 
of nervous augmentation of heartbeat, faradic stimulation of the excitatory nerves 
may i)roducc an increase either in rate or amplitude, or in both. The after-effect 
of excitation is likewise variable, but in contrast to inhibition, excitation com- 
monly shows a .stimulatory after-effect, which in some cases lasts for several 
juinutes after stimulation has c('ased. This is most noticeable when a preparation 
is frCwSh. 

A factor which may act to conceal a stimulatory after-effect, and which may even 
result in a dei)ression, is the tendency of some hearts to pump themselves dry when 
accelerated, leading to temporary cessation of beat following the period of excitatory 
stimulation. Nevertheless, the number of times that excitation of the heart has 
jesulted in an unquestionable after-effect in these experiments, as well as in those of 
earlier workers (Bottazzi, 1901 ; Conant and Clark, 1896), makes it appear that this 
phenomenon is a characteristic feature of nervous excitation of the crab heart, as a 
result of faradic stimulation. 

That there is an upper limit to the effectiveness of the excitatory nerves is 
shown by their, inability to produce a state of tetanic contraction in the heart, al- 
though the heart may readily be tetanized by direct stimulation, while acetylcholine 

®No excitation of the heart by stimulation of “Lemoine’s nerve’^ has been noted in this 
work. 
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Figure 1. Schematic representation of the innervation of the heart of Cancer in dorsal 
aspect, with the thoracic ganglion shown as if moved forward slightly. Approximately to scale, 
but with cardiac nerves and pericardial plexus drawn with disproportionately heavy lines, (i ) 
Circumoesophageal connective, (2) recurrent cutaneous nerve, (J) inhibitory cardiac nerve, 
(4) {4) excitatory cardiac nerves, (5) nerve to cheliped, (6) thoracic nerve mass, (7) heart, 
(8) dorsal nerve entering heart, (P) (9) branchio-cardiac orifices, (10) lateral pericardial 
plexus. 
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in high concentrations has been shown to cause an accelerated beat leading to a 
tetanus (Welsh, 1939a, b; Davenport, 1941). 

Such icsults indicate that the extrinsic excitatory nerves do not directly control 
the rate of heartbeat, but niust act to alter the rate of spontaneous activity in the 
paceinakci nicchamsni ol the hoait. Presumably the cfTcclivencss of thcwse nerves 
lies in their ability to alter the conditions determining the activity of the cardiac 
ganglion without being able to force the latter bcyoncl ccilain limits. 

It is commonly stated that the crustacean heart muscle, unlike the vertebrate 
heart, shows no absolute refractory period This generalization holds when the 
heart is stimulated via the excitatory nerves, since cardiac excitation may commence 
at any phase of the beat, resulting in a well-marked summation. In this respect, 
the crustacean heart reacts rather more like skeletal muscle than like vertebrate 
cardiac muscle 

Effects of Frequency or Stimulation Upon the Cardio-Regulatory Nerves 

In an effort to obtain a clearer picture of the action of the cardio-regulatory 
neiwes, they were stimulated over a wide range of frequencies, employing a thyratron 
stimulator which delivered repetitive shocks over a range of 10 to 1,800 ])er second, 
with voltage adjustable from 0 to 10 volts. This stimulator could be connected at 
will to either of the two sets of electrodes in use, allowing comparable studies to 
be made on excitatory and inhiliitory nerves in the same preparation over the same 
period. Both electrodes were fixed in place and undisturbed through an experi- 
ment. 

Preliminary experiments showed that at very low or higli frequencies the voltage 
required to produce a response was higher than at intermediate frequencies. Ac- 
cordingly, a series of trials was made to deteniiine the threshold voltage at various 
frequencies. Frequency-intensity threshold curves were plotted, showing the 
changes in intensity threshold over a »widc range of stimulation frequencies, and the 
frequency limits above and below which stimulation of the heart nerves ])roduced 
no effect. The results of a typical experiment are shown in Figure 2. 

The greatest difficulty in this method is the problem of recognizing the onset of 
response in the heart at low or high frequencies outside of the optimum range. 
Over most of the frequency range, inhibition is U)tal and l)egins abruptly, so that 
the threshold is easily determined, but at low frecpiencies, inhibition may first api>ear 
as a wsliglit, gradually increased slowing of the heart, which may or may not cease 
beating abruptly when a higher voltage is reached. In such cases, two thresholds 
must he noted, one for jiartial, and one for total inhibition. In the case of excitation, 
while the onset of response is sharp over most of the frequency range, there may be 
a gradual acceleration at low frequencies that is especially hard to detect. It has 
not been possible to establish any criterion of '‘partial’* excitation, hence the first 
noticeable increase in rale or amplitude has been taken as the threshold. Obviously, 
in all tests of this sort it is important to raise the intensity at a uniform rale, ceasing 
to raise the intensity as soon as results are observed on the kymograph tracing. 
Further to lessen the subjectivity of observations, tests were carried out in a planned 
series without stopping to verify individual readings. The series of frequencies 
were then passed through in the reverse direction in such a way that descending fre- 
quency settings alternated with those of the ascending series. No curves were con- 




Figure 2. Frequency-intensity threshold curves for stimulation of the cardiac inhibitory and 
excitatory nerves, with tracing of the heart response at each frequency.^ Ciicles on the curve 
represent determinations made on an ascending scale of frequencies; triangles those on a fol- 
lowing descending frequency series. Both curves obtained from the same animal (D-21), with 
tests made alternately on inhibitory and excitatory nerves. Open symbols indicate thresholds 
for partial inhibition at frequencies where no total inhibition could be obtained 
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sidered valid if the electrodes had to be moved during the course of the experiment. 
Certain generalizations may be made regarding the effects of the frecjuency of 
stimulation on the cardio-regulatory nerves. 

The excitatory nerves 

1. The excitatory nerves show a low intensity (voltage) threshold for stimulation 
over a wide range of frequencies. 

2. The lower frequency limit for effective stimulation of the excitatory nerves is 
lower than that for the inhibitory nerves. At frequencies as low as 10 per second 
there is often only a very slight rise in the threshold intensity of stimulation. 

3. The upper frequency limit of effectiveness of stimulation of the excitatory 
nerves is variable, usually between 100 and 300 per second, but in some cases rang- 
ing well above 300 per second. In such cases it is unlikely that the nerve is ac- 
tually discharging at such a high rate. The usual upper frequency limits are in 
agreement with the findings of Bogue and Rosenberg ( 1936) , who report that in 
the leg nerves of Maia a large proportion of the motor fibers respond regularly 
to stimuli delivered at the rate of 200 per second, but that at 400 per second the 
fibers cease to respond in phase. 

4. In the lower range of stimulation frequencies, higher voltages are required 
to stimulate the excitatory nerves, and less effect is produced upon the heart than 
when higher stimulation frequencies are employed. Raising the intensity of low- 
frequency stimulation does not produce the marked increase in response of the 
heart that can be produced by raising the frequency. This finding is consistent with 
the small number of nerve fibers innervating the heart and with the marked facilita- 
tion exhibited by crustacean nerves. 

The inhibitory nerves 

1. There is a frequency range from about 15-20 stimulating shocks per second up 
to 100 or 200 per second in which inhibition is complete at or near the threshold 
voltage of inhibitory nerve stimulation. 

2. At a lower range of frequency, inhibition becomes only ])artially effective. 
In vSome preparations, stimulation of the inhibitory nerve at 10 per second has no 
visible effect on the heart, regardless of the stimulus intensity. 

3. At the upper range of effective fiTqxtcncies, stimulation of the inhibitory 
nerve often causes only i)artial inhibition. There is so much variation in the upper 
limit of effectiveness that no significance can be attached to its value in the individual 
preparation. 

The effect of aging of the preparation upon the frequency-intensity threshold curves 
for inhibitory and excitatory nerves 

Since in the experiments with perfused drugs, to be described below, it was 
necessary to run repeated series over periods of several hours, a number of 
undrugged preparations were tested repeatedly in order to determine the effects 
of fatigue. There is exhibited in successive runs a slight raising of the intensity 
threshold, associated with a narrowing of the frequency range over which stimula- 
tion of the heart nerves is effective. This is most marked at tlie upper end of the 
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frequency range, where no certain significance can be attached to it. The lower end 
of the frequency curve shows much less tendency to shift with aging than does the 
upper. For this reason, in the experiments with drugs, the main attention was di- 
rected to that portion of the frequency curve lying below 100 per second. 

Simultaneous Stimulation of Inhibitory and Excitatory Nerves 

Using two inductoria, excitatory nerves have been stimulated during the 
course of nervous inhibition. In all cases where equal intensities have been 
used, inhibition remains dominant, and is not interrupted even when much 
stronger intensities of stimulation are applied to the excitatory nerve. Also, if an 
inhibitory nerve is stimulated during a period of nervous excitation, inhibition read- 
ily interrupts the excitation. But since a stronger inhibitory stimulus is required 
to stop a heart already under the influence of the excitatory nerve than is re- 
quired to stop the unstimulated heart, it would seem that to a certain extent the 
inhibitory and excitatory nerves are each able to modify the effects produced by the 
other. 

Further work, especially electrical studies of the ganglionic pacemaker within 
the heart, is needed before it can be said whether or not the “blending” of the 
actions of inhibitory and excitatory heart nerves means that these opposing nerves 
affect the same portion of the pacemaker system. 

Effects of Strychnine upon Nervous Excitation and Inhibition of the 

Crab Heart 

A number of tests have been made of the action of strychnine upon the cardiac 
inhibitory and excitatory nerves. Because strychnine in the concentrations neces- 
sary to affect the regulatory nerves has been found to affect the heartbeat adversely, 
about half of the experiments have been inconclusive. This is especially true in re- 
gard to studies on inhibition, since a heart that has stopped beating cannot be fur- 
ther inhibited, even though it can frequently be made to beat by stimulation of the ex- 
citatory nerves. The effects o[ strychnine on the character of the heartbeat gener- 
ally follow a sequence that is passed through more or less quickly depending upon 
the concentration of drug applied. There is first a moderate increase in rate and 
amplitude of beat, giving way to a phase of grouped beats, in which groups of 
2-8 beats are separated by sliort (2-5 second) pauses. With a decrease in the num- 
ber of beats in a group, a state is reached in which the heart records single spike-like 
beats at intervals of 10-30 seconds. These beats commonly pass to the form of 
I)rief Ictani, lasting some 1-4 seconds, which are a very characteristic result of 
strychnine in the cral). If poisoning is more severe or long continued, the heart- 
beats may become irregular or cease altogetlier, although retaining their amplitude 
to the last. The heart will usually recover if thoroughly washed. 

The effects oj strychnine upon nervous inhibition 

Twelve experiments were performed, of which three were discarded because the 
electrodes had to be moved during the run, indicating poor setting or local injury to 
the nerve, while in three the heart failed before all the necessary tests could be cat' 
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ried out. The remaining six indicate that strychnine, in concentrations of about 
1 :25(X) (4 X 10 a-ble to abolish the effect of the inhibitory nerves after per- 
fusion for 30 to 00 minutes. The loss of response was verified in all cases by de- 
creasing the coil distance of the stimulating inductorium by 5 mm. After a short 
period of washing, during which the beat usually showed a temporary depression, 
the inhibitory effect of the nerve vvas restored to or nearly to the initial value ; in all 
cases the threshold after restoration was lower than the strongest stimulus used to 
verify the abolition of inhil)ition. In each of two experiments the abolition of in- 
hibition in strychnine and its restoration after washing were repeated four times. 

The effects of strychnine upon iici'voits excitation 

The records of the effects of strychnine upon the effectiveness of the excitatory 
nerves to the heart are somewhat more reliable than are those for inhibition, since 
excitatory effects may frequently be obtained even after the heart has ceased to beat. 
Strychnine in concentrations of 1 : 2500 (4 X 10“^^) blocks the action of the excita- 
tory heart-nerves, and this effect is fully reversible. 

These experiments indicate that the cardiac regulatory nerves can be paralyzed 
by strychnine, as the somatic motor nerves presumably are, without causing the 
heart to cease beating. 1 lowcver, the anomalous character of the beat in the strych- 
ninized heart indicates that the intrinsic pacemaker neurones are affected consider- 
ably, though perhaps to a lesser degree than are the regulators. 

Effects of Atropine Upon Nervous Inhibition and Excitation 

Methods of study involving the use of inductorium stimulation, as in the work 
on the effects of strychnine described above, failed to reveal any effect of atropine 
on either the excitatory or the inhibitory nerves. Accordingly, confirmatory 
studies were made by the method of variable-frequency stimulation. Frequency- 
intensity threshold curves have been determined before and during perfusion with 
atropine, as well as after a period of washing. 

The effects of atropine upon neruons inhibition 

Atropine sulphate was perfused in concentrations of 10 " and 10 for periods 
of 15-30 minutc.s before determining the frequency-intensity curves for the inhibitory 
nerves while the heaxi: was still being pcx*fused with the drug. The application of 
the dnig followed, of course, the determination of such a curve while the heart was 
bathed with perfusion fluid. The cardio-inhibitory nerves of Cancer arc not blocked 
by atropine, but are actually slightly augmented in their effects. 

The effects of atropine upon nervous excitation 

Atropine sulphate was perfused in concentrations of 10“® to 10“^ for 15-30 
minutes, as in the preceding experiments. The frequency-intensity threshold 
curves indicate that atropine in these concentrations has no significant effect upon 
the cardiac excitatory nerves. That a sufficient concentration of atropine (10^) 
was used is indicated by the fact that Welsh (1939b) found that atropine 10“® 



CARDIAC NERVES OF CRAB 


83 


would largely block the efFects of acetylcholine on the isolated heart of Panulirus, 
while atropine 10“^ is effective in this respect on the heart of Astacus (Davenport, 
Loomis, and Opler, 1940) and atropine 5 X 10"'”* on the isolated heart of Cancer 
magisfcr (Davenport, 1941). 

Effects of Nicotine Upon Nervous Inhibition and Excitation 

In view of the failure to block nervous inhibition and excitation with atropine, 
it was of interest to see how nicotine might affect these processes, since certain 
effects of acetylcholine (“nicotine-like** effects) are not abolished by atropine. A 
number of experiments were performed, using faradic stimulation. The results 
have been checked by variable-frequency stimulation. Nicotine, when first applied, 
has a strong augmenting effect on amplitude and rate of beat. The stimulatory ef- 
fects wear off after a time, and, if the concentration of nicotine is high, depression of 
heartbeat ensues. Irregularity and grouping of beats are common in the early stages 
of nicotine depression ; later stages are marked by infrequent beats or by an abnormal 
condition of intermittent tetanus. This last type of beat may be the result of a di- 
rect response of the heart muscle to stretching, as it could be seen in the records that 
the heart swelled noticeably between “beats.** The crab heart adapts to nicotine, 
hence successive increases in the strength of drug applied produce relatively small 
effects. 

The return of the heart to perfusion fluid after being m a strong nicotine solu- 
tion frequently results in a temporary cessation of beat, following which the beat 
may be greatly accelerated as the nicotine concentration falls from a depressant to 
an excitatory level. During the period of complete stoppage, the excitatory nerve 
is able to function, an indication that this nerve is more resistant to the paralyzing 
effects of nicotine than is the cardiac ganglion. 

The effects of nicotine upon nervous inhibition 

In no case has inhibition been abolished by nicotine in concentrations of 
1 : 10,000 to 1 : 1,000. Hearts responding to freshly applied nicotine by a marked 
frequency increase can be inhibited as readily as the normal heart, or as hearts 
which have been greatly depressed I>y strong concentrations of nicotine. The ac- 
tion of the inhibitory nerves can be studied only as long as the heart continues to 
beat, hence the effect of dosages of nicotine of strengths greater than 1 : 1,000 could 
not be determined. 

The effects of nicotine upon nervous excitation 

Nicotine in strengtlis of 1 : 1,000,000 to 1 : 500 has been tested, with inductorium 
stimulation of the excitatory nerves. The results fall into three classes, depending 
upon the strength of drug used and its effect on the rate of heartbeat. Nicotine 
in the lower concentrations (ICh®), or when first applied, has a marked positive 
chronotropic effect which may persist for some time. In certain experiments, 
stimulation of the excitatory nerve during this period of excitation has shown an 
augmentation of the effectiveness of the nerve as compared to its effectiveness 
upon the undrugged heart. 

In intermediate concentrations of nicotine (lO*®), or in concentrations applied 
for a length of time sufficient to depress the heartbeat, nervous excitation is not 
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impaired. This fact indicates that the cardiac ganglion is more sensitive to nicotine 
depression than are the excitatory nerves. The complete stoppage of heartbeat that 
may follow the return of a heart to perfusion fluid after l)eing in nicotine supports 
this view, since the excitatory nerves may stimulate a heart that has ceased its 
spontaneous beat under such conditions. In this situation the pacemaker ganglion 
has evidently lost its capacity for spontaneous discharge, although it must still be 
able to transmit impulses to the heart muscle via the neuromuscular junctions when 
properly stimulated. In considering the eflFects of nicotine, it must he kept in 
mind that the drug may not only block transmission at the nerve endings of the 
ganglion and extrinsic nerves, but may act on the ganglion cell bodies themselves, 
causing a loss of their rhythmical activity. 

In high concentrations of nicotine the effects vary, depending upon whether the 
heart gives a slow beat of normal form or whether it passes into a state of irregular 
intermittent tetani. In the former case, stimulation of the excitatory nerve may 
still be able to rouse the heart to more rapid beating, but in the latter case the ex- 
citatory nerve appears to be ineffective. 

Frequency-intensity threshold cuiwcs for the excitatory nerves showed no 
significant changes after perfusion of hearts with nicotine 10'** or 10“^’. Higher 
concentrations of nicotine could not satisfactorily be tested in this way, since the 
hearts generally failed during the lengthy process of determining the curve. Thus 
even though there is evidence that certain concentrations of nicotine enhance the 
response to excitatory nerve stimulation, it has not been possible to show any in- 
creased effectiveness of lower rates of excitatory nerve stimulation. 

The augmentation of Excitatory nerve effectiveness l^y low concentratiotis of 
nicotine may perhaps be comparable to the action of nicotine on verte1)rate auto- 
nomic ganglia, where low concentrations of the drug augment the effect of pre- 
ganglionic stimulation. In high 'concentrations, nicotine Ijlocks the passage of im- 
pulses at vertebrate autonomic ganglia. In the crab heart nervous excitation has 
been blocked by nicotine in high concentrations, but only in cases where the heart- 
beat is of abnormal form. Is this failure of excitation due to a blocking of the ex- 
citatory nerve, or is it due to overstimulation of the heart ganglion ? The abnormal 
form of the heartl^eat suggests that the function of the heart ganglion has been im- 
paired. If we accept this exjdanation, we cannot say whether or not transmission 
at the endings of the excitatory nerves is being blocked. 

To sum up the results of this study of the effects of nicotine on tlu‘ cardio-ex- 
citatory nerves, low concentrations of nicotine augment the action of these lUTves, 
and high concentrations appear to block their effects. Hut, l)ecause of the likeli- 
hood that the heart ganglion is at least as sensitive to nicotine as are the excitatory 
nerves, it is not possible to say whether the block occurs at the endings of the ex- 
citatory nerves themselves or in the heart ganglion. The evidence so far obtained 
points to the presence of a “nicotine-like” cholinergic mechanism involved in nervous 
excitation of the crab heart, but it does not yet allow us to decide between the cardio- 
excitatory nerves and the intrinsic heart ganglion as possil^le sites of this mechanism. 
Perhaps both possibilities are true, since any effects of nicotine observed could be 
explained on such a basis. The methods employed in this work do not enable us to 
distinguish between nicotine-block of the cardiac ganglion alone and simultaneous 
nicotine-block of the excitatory nerve and the heart ganglion. 
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Effects of Eskrine Upon Nervous Excitation and Inhibition 

111 the crabs used in llic iiresciit work, cserine (physostigmine sulphate Merck) 
in concentratioiEs of 10 ” or 10 ’ was found to potentiate markedly the effects of low 
concentrations of aceUldioline. Hence such concentrations of cserine wxre con- 
sidered suflicient to inactivate a significant amount of the cholinesterase in the 
heart when perfused for 15 minutes or more. Such low concentrations of the drug 
do not, by themselves, visibly affect the heartbeat. 

The effects oj cserine on nervous inhibition 

Eserine in concentrations of 10"® to 4 X lO'^ did not augment the action of the 
cardio-inhibitory nerves when tested by inductorium stimulation, thus agreeing with 
results previously obtained on Panulirus (Smith, 1940-41), nor could any effect 
of cserine upon frequency-intensity threshold curves lie detected. 

7Vzr effects of cserine on nervous excitation 

Since the effects of nicotine on cardio-excitation have made it appear at least 
possible that the excitatory nerves are cholinergic, the action of eserine on the 
effectiveness of these nerves is of importance. However, no success was obtained 
in producing an augmentation of excitation hy the ap])lication of eserine. Induc- 
torium stimulation did not produce detectable results, wliile frequency-intensity 
threshold curves show little more, h'serine either has no effect, or it actually makes 
cardio-excitation more difficult to obtain. It should be recalled that the concen- 
tration of eserine used was sufficient to augment the action of acetylcholine on the 
crab heart, but that it did not by itself cause any stimulation of the heart. Under 
such cemditions, Wiersma and Novitski (1942) have found eserine to augment the 
the effects of nervous excitation of the crayfish heart, as determined l>y study of 
heart rate. 

Effects of Ac'etylctioune Plus Eserine Upon Nervous Excitation 

AND Inhibition 

It has been found that a low concentration of acetylcholine chloride (10 0 
a long-continued stimulatory action upon the heart of Cancer if it is potentiated with 
eserine 10 \ Neither drug has any marked or persistent effect if perfused alone. 
Such a mi\lure of drugs has hecii used to determine the effects of acetylcholine upon 
the action of tlie regulatory nerves. Hut as in the case of crscrine alone, “pro- 
tected” acetylcholine in low, stimulatory concentrations has no consistent or signifi- 
cant effect either upon the inhibitory nerves or upon the excitatory nerves. Be- 
cause higher concentrations of acetylcholine gave effects too strong to he maintained 
over the period necessary for the type of observation.s made in this study, they were 
not used, 

Discussion 

The lack of effect of eserine and acetylcholine upon the excitatory nerves would 
seem to speak against the possibility that these nerves are cholinergic. Yet there 
are indications that the failure to detect eserine potentiation of the effectiveness of 
these nerves is not conclusive evidence of their non-cholinergic nature. Welsh 
(1940-41) has reported that while eserine augments the effects of low concentra- 
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tions of acetylcholine on the isolated lobster heart, it fails to jKitentiatc, or even les- 
sens the effects of acetylcholine stronger than lO""'. It is probable that cholinergic 
nerves release at their terminations acetylcholine in small amounts but in high, 
sharply localized concentrations ; while cholinesterase has been shown to be greatly 
concentrated at the motor end plates in vertebrate skeletal muscle (Marnay and 
Nachmansohn, 1938; Nachmansohn, 1939). In the case of vertebrate autonomic 
ganglia, Brown and Feldberg (1936) have shown that eserine can potentiate the 
effect of preganglionic stimulation so effectively that the ganglion cells are soon 
paralyzed by the accumulation of acetylcholine unless submaximal preganglionic 
volleys and low frequencies of stimulation are employed. If such a situation exists 
in the crab, it is possible that eserine may allow the accumulation of mediator sub- 
stance in depressant concentrations. In view of the evidence of Wiersma and 
Novitski (1942) that eserine augments nervous excitation of the crayfish heart, a 
restudy of this matter in the crab would be desirable, employing a technique by which 
heart rate, uncomplicated by amplitude changes, could be observed. 

The inability of the excitatory nerves to tetanize the crab heart, although this 
state may be produced l)y direct electrical stimulation, acetylcholine, nicotine, etc., 
raises the question of whether or not the excitatory nerves act in the same way or at 
the same point as these other agents. Prosser (1943) has wshown that the systole of 
the neurogenic heart of Limnlus is initiated by synchronous activity in the cardiac 
ganglion, while tetanus results from a continued asynchronous discharge. During 
the course of the present work it has been observed that crab hearts depressed by 
nicotine or strychnine often exhibit a series of very irregular abnormal beats which, 
during recovery, regroup themselves to normal systoles, apparently by a return of 
the several cardiac ganglion cells to synchronous activity. The short tetani that may 
replace the normal systoles under the influence of nicotine or strychnine may, like- 
wise, possibly be caused by asynchronous discharges of ganglionic cells. Direct 
electrical stimulation, acetylcholine, and other agents capable of tetanizing the neuro- 
genic arthropod heart may do so by throwing the cardiac ganglion into a state of 
asynchrony, but it would seem that the excitatory nerves arc capable of ])roducing 
only more closely spaced bursts of synchronous ganglionic activity. 

Since other evidence so far accumulated supports the view that the heart 
ganglion is cholinergic, and since the lack of effect of atropine upon normal heart- 
l)eat indicates that the gangH<m does not exert a ‘hnuscarine-like’’ action on the heart, 
muscle, we may consider the possibility that the ganglion has a “nicotine-like” effect 
at the neuromuscular junction. It will be recalled that, in its action on different 
vertebrate tissues, acetylcholine has a variety of effects, which may be broadly classi- 
fied into “inuscarine-Iike” effects that can be blocked by atropine, and “nicotine-like” 
effects that can be l)locked by high concentrations of nicotine. These classifications 
of acetylcholine action apply, strictly, to the reactions of vertebrate tissues, and it is 
possible that the reactions of invertebrate tissues do not fall into identical categories. 
Hence, the fact that the crustacean heart ganglion does not appear to exert a “mus- 
carine-like” action upon muscle does not prove by elimination that its effects are 
fully comparable to the “nicotine-like” action of certain cholinergic nerves in verte- 
brates. For the present, however, we may consider that tlie cardiac ganglion trans- 
mits impulses to the heart muscle by a cholinergic mechanism having a somewhat 
“nicotine-like” effect. 
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If it is true that both the ganglion and the excitatory nerves are of the same 
pharmacological nature, this fact renders useless our attempts to demonstrate a 
nicotine Idock of the excitatory nerves. As pointed out above, the ganglion seems 
more sensitive to nicotine than are the excitatory nerves. Paralysis of the ganglion 
removes an essential link in the chain of impulses which pass from regulatory nerve 
to heart muscle in nervous excitation. With the ganglion out of action, the present 
methods do not reveal whether or not the excitatory nerves are blocked l)y high con- 
centrations of nicotine, l)ut the positive evidence so far obtained points to a choli- 
nergic *‘nicotine-like*’ action of the cardio-excitatory nerves upon the heart ganglion. 

Summary 

1. The heart of Cancer irrorahts has been perfused in situ, the beat recorded 
mechanically, and the inhil)i1ory and excitatory nerves stimulated while the heart was 
perfused with various drugs. 

2. Nervous inhibition of the heart induced by stimulation of the inhibitory nerves 
is usually total with no inhibitory after-effect. 

3. Nervous excitation of the heart induced by stimulation (jf the excitatory 
nerves frequently shows a stimulatory after-effect. 

4. The cardio-inhibitory nerves appear to be more effective than the excitatory 
nerves, but each type of nerve can modify to some extent the effectiveness of the 
other. 

5. The excitatory nerves are effective when stimulated at frequencies ranging 
from 200-3CX) per second down to 10 per second or less. 

6. The inhibitory nerves produce total inhibition when stimulated from 15-20 
to 100-200 times per second. At frequencies extending above and below this range, 
partial inhibition may be obtained. 

7. Strychnine, in concentrations of 1 : 2,500, blocks reversibly the action of both 
excitatory and inhibitory nerves. 

8. Atropine is without effect upon excitatory and inhibitory nerves, as well as 
upon the heart ganglion in concentrations sufficient to abolivsh the action of applied 
acetylcholine. 

9. Nicotine, in low concentrations, augments the effectiveness of the excitatory 
nerves as well as of the heart ganglion. 

10. Nicotine in high concentrations may block the passage of impulses from car- 

diac ganglion to muscle ; hence it could not be determined with certainty if nicotine 
blocks the excitatory nerves, ^ 

11. Neither Cwserine alone, nor with acetylcholine in stimulatory concentrations, 
augmented cardio-inhibilion or excitation. It is suggested that the lack of effect of 
eseriiie upon the excitatory nerves deserves restudy. 

12. It is probable that the excitatory nerves are cholinergic, and exert a some- 
what '‘nicoline-like” effect upon the heart ganglion, which in turn exerts a “nicotine- 
like” action at the neuromuscular junction. 

13. No light has been thrown on the pharmacological nature of the cardio-inhibi- 
tory nerves, 
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In the Cecropia silkworm the progress of metamorphosis is interrupted as soon 
as the pupa is formed. There then intervenes a prolonged period of pupal diapause 
characterized by cessation of growth and differentiation. The mechanism that 
converts this cellular dormancy of diajiause into the intense activity of adult forma- 
tion was examined in a jirevious investigation performed on several species of giant 
silkworms (Williams, 1946b). For these species it was evident that diapause is 
under the control of the insect’s brain. This control consists in a dependency of 
adult development on the action of a factor arising from the brain; the brain, in 
turn, is rendered competent to release this factor by exposure to low temperatures. 
It is the purpose of the present report to describe in greater detail the nature of 
the activating mechanism. 


Materials and Methods 

The present communication is based on a total of 282 experiments performed, 
for the most part, on pupae of the giant silkworm, Platysamia cecropia. In a few 
experiments pupae of related genera were studied, including TeUa polyphemus, 
Callosamia promethea, and Sarnia walkeri. The management of this array of ani- 
mals was essentially identical to that described previously (Williams, 1946b). 

Direct or Indirect Action of the Brain? 

If the brain is removed from a diapausing pupa, the resulting insect never 
develops further and persists until death in permanent diapause — matter of two 
years in some individuals. Yet at any time during this period adult development 
can be evoked by implanting into the brainless pupa a brain obtained from a 
previously chilled pupa. 

It was a rational assumption that the developmental factor from the implanted 
brain had some direct action on the host tissues whereby the latter were converted 
from dormancy to activity. Yet the possibility remained that the brain’s action 
might be indirect rather than direct, in a sense familiar to endocrinologists, as, for 

^ The assistance of the Society of Fellows, Harvard University, and tlie Lalor Foundation, 
Wilmington, Delaware, is gratefully acknowledged. 
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example, in the action of certain of the pituitary honnones on the uterus. Experi- 
ments have therefore been performed to test these two possibilities. 

To this end techniques have been developed for subdividing individual pupae 
into fragments. In my experience division of these stout animals by means of 
ligatures has not met with success. Nor did gross slicing of the pupae into parts, 
as practiced by Crampton (1899), Hirschler (1903, 19CM), and Hachlow (1931), 
produce viable preparations. A simple, successful technique that was ultimately 
developed will be described briefly. 

Isolation of Pupal Fragments 

The pupa, under continuous carbon dioxide anesthesia (Williams, 1946a), is 
placed on its side and the abdominal cuticle plus underlying hypodermis incised 
around the circumference of the abdomen at the level of the tips of the wingflaps. 
The incision is confined to the thin intersegmental membrane. Further maneuvers 
are designed to separate the abdomen from the anterior fragment without rupturing 
the midgut.- The intersegmental muscle masses, the heart, and the nerve cord 
are, in turn, cut through. The fat body and hindgut are then transected and the 
attachments of tracheae swept away from the walls of the midgut. The midgut 
plus nearly all of the Malpighian tubules may now be placed in the anterior frag- 
ment. Or by further dissection the niidgut may be removed from the anterior 
fragment and discarded. 

The cut surface of each of the two fragments is then sealed by melted paraffin 
to a circular, plastic cover slip which is provided with a centrally placed hole. 
Through the hole insect Ringer’s is added to displace all air and the hole is finally 
plugged with melted paraffin. 

It may be noted that these isolated abdomens (Fig. 3) consisted, in reality, of 
the terminal six abdominal segments, the anterior four abdominal segments being 
carried away with the anterior end (Fig. 1). Transcctions at other levels were 
occasionally accomplished, but the one described proved to be most favorable. In 

3 Rupture of the tnidgut floods the body cavity with a dark green fluid that contains a good 
deal of particulate matter and shows a broad, dense absorption hand centering at 670 niju. The 
fluid is apparently non-toxic, but the particulate matter is fretiuenlly drawn into the cut end of 
the heart. Within the heart it then acts as embolus to occlude the aorta at its narrowest portion 
just behind the brain. Such animals usually fail to survive. 


Explanation of Platk I 
Approximately Life Si/c 

Figure 1. Anterior fragment of a brainless, diapausing pupa. 

Figure 2. Fragment in Figure 1, after adult formation. Development was evoked by 
implanting a previously chilled brain. 

Figure 3. Posterior fragment of a diapausing pupa. 

Figure 4. Fragment in Figure 3, after adult formation. Development was evoked by 
implanting a previously chilled brain plus two pairs of diapausing prothoracic glands. 

Figure 5. Posterior fragment of a diapausing pupa, showing critical level of section tliat 
includes the meso- and metathorax. 

Figure 6. Fragment in Figure 5, after adult formation. Development was evoked by 
implanting a previously chilled brain. Note the complete development of those parts of tlie 
antennae, legs, and wings that were present in the fragment. 
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certain instances abdomens were transected a second time to yield viable pairs of 
abdominal se^nncnts sandwiched between pluvstic slips. 

The inner surface of the plastic sli])s is rapidly coated by a thin, transparent 
tissue formed by anastomoses developecl between blood cells and, within about two 
weeks, by the ont|»rowth of epithelium and of tracheoles. At any time, however, 
one can operate inside the insect fragment by removinj; the ])araflin ])1 ujl» from the 
centrally placed hole. 

Of the entire series of isolated pu])al i)arts, approximately two-thirds died 
within the first ten days after preparation. Death was invariably preceded by a 
darkening of the blood, a reaction which in itself seems to be toxic. The remain- 
ing preparations survived for considerable lengths of time, as indicated by the beat- 
ing of the heart and by sixmtaneous movements of the abdominal segments. 
Isolated abdomens remained alive at 25‘^'0. for up to eight months. Anterior ends 
survived for not more than two or three months, however, unless Ringer's solution 
was occasionally a<lded to coni])ensate for loss of water by evaporation. 

Drain Implantations Into Pupal h'RAUMKN'is 

Hrainle.ss diapausing ]>upae were transected at the level of the wing-tii)s to 
obtain ten pairs of viable anterior and povsterior halves. Into each of the.se sub- 
divi.sions a chilled Cecropia brain was then implanted (I^'ig. 1 and 3). h-ach ante- 
rior fragment proceeded to develop normally into the corre.sponding anterior end 
of a lively adult moth, the cut surface being closed by scaleless, regenerate, “chitin- 
ized” epithelium (Fig. 2). The isolated abdomens, to the contrary, remained 
undeveloped after brain implantation, although they continued to live for an average 
of three months. 

With slight variations in techniepTe thc.se findings have been confirmed during 
the i)ast three years on a total of 60 additional viable ])rei)arations. As many as 
six chilled brains have been implanted into a single abdomen without inducing 
development, even though some of these al)d()mens .survived as long as eight months 
thereafter. 


ILx PI. A NATION OK 1*1. VI I* II 

Ai»proxinmtply I aft* Si/p 

I^'kiURK 7. Po.sUTior frasniont of a diapau.sinR joiiipd dinvlly to the tiji of a brain- 
less, diapausing pupa. 

i^'KaiRE 8, J ^reparation in lugure 7, after adidt formation of host and graft. Development 
was evoked by implanting a previously chilled brain into the host. Note the regeneralt* tissue 
passing through the hole in the jilaslic slip to connect the two parts. 

Figure 9. Posterior fragment of a diapausing pupa joined directly to the thoracic lerguin 
of a brainles.s, diapausing pupa. 

Figure 10. Preparation in Figure 9, after adult formation of ho.st and graft. Dcvclo])- 
ment was evoked by implanting a picviou.sly chilled brain into the tip of the graft. 

Fkjure 11. Po.stcrior fragment of a diapausing pupa joined to a brainless, diapausing 
pupa by means of a short, stiuare, plastic tube. Note the tube of regenerate tissue traversing 
the plastic tube’s lumen. In order to follow the on.set and progress of (levcloi)mcnt, plastic 
windows have been placed at each end of the preparation. 

Fkjurk 12. Po.stcrior fragment of a diapau.sing pupa joined t<j an anterior fragment of a 
brainles.s, diapausing pupa by moans of a long, plastic lube. Note the Uihe of regenerate tissue 
within the plastic tube. 
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It is therefore ai)])arent that anterior and posterior fra,i(nients respond dilTer- 
ently to hrain implantation. This ditTerence in response inij»ht l)e ex])lained if the 
anterior fra|L>inent possessed a second developmental center that was lackinj^ in the 
posterior fraf^ment. To lest this ])ossihility the level of transection was varied. 

Transkctions ok Popak at Wvkious Lkvkls 

lirainless, diapausin.i»- i)upae were transected at various levels and the develop- 
mental ca])acity of the posterior fraj^ments te.sted by implantinj> a chilled hrain. 
The results of these experiments confirmed the findinj^s of previous investiji^ators 
that a “dilTerentiation center” was present in the rej^ion of the thorax of lepido])- 
terous ])ui)ae (Hachlow. l*-)^! : Hodenstein, U)38; Hoimhiol, 1^)38). Thus, al)- 
domens in continuity with a ])upal thorax invariably developed when a chilled 
brain was implanted. In contrast, similar treatment failed to evoke develojnnenl 
of abdomens se])arated from the entire thorax. The critical level seemed to lie 
in the region of the mesothorax, for, after transection at this point, brain im])lanta- 
tion induced develojnnent only after a long latent ])eriod of about six months ( k^ig. 
5 and 6 ) . 


(JrAKTINO lilXPKRIMKNTS ON ISOLATKI) AkDOMKNS 

'File ini])ortance of this anterior dilTerentiation center was further revealed in 
experiments in which isolated abdomens were grafted to brainless, dia])ausing 
pupae (Fig. 7, 9, and 1 1 ) or to the anterior fragment of brainless, diapausing pu])ae 
(Fig. 12). In such combinations, the host and the graft grew together to establish 
tis.sue continuity, but did not develop further. This continuity was develoi)ed even 
when plastic tubes, as long as 3 cm., were inter])osed between the two parts ( k'^ig. 
11 and 12). 

Now, when a brain from a chilled Cecropia pupa was ini])lanted into either host 
or graft, diapause was terminated and the entire pre])aration develo])ed into the 
fully formed, corresponding parts of the adult (Fig. 8 and 10). 

Implantation ok Frotiiokacu' (Ilands 

Idle evidence, u]) to this i)oint, indicates that a<lult devel<)])ment after pupal 
<liapause re<iuir<‘s a factor from the brain ])lus some additional factor from the 
thorax. An extensive* .series of (‘xperinients was then performed in which a chilk*d 
brain plus various thoracic organs were inijdanted into isolated abdomens. 

This .search was vastly aided by the publication of khikuda’s paper in FMl. In 
this communicatiem Fukuda describes an endocrine activity of the ”])rolhoracic 
glands” in evoking development of ligatured pupal abdomens of the commercial 
silkworm, Bomhy.v inon. 

The great significance <jf the prothoracic glands was confirmed, dduis, isolat<*d 
abdomens of diapausing Cecropia pu])ae developed readily when provid(‘d wdth a 
chilled brain ])lus two i)airs of prothoracic glands.’* The pupal cuticle bc‘came crisp 

Due to the* imineroti.s ramifications of the pupal prothoracic glands in the pro- and meso- 
thorax, it was usually impossible to remove these organs in their entirety. k\)r this reason two 
pairs were usually implanted into each isolated abdomen. This proved to he an important 
detail, for a single pair of the incomplete glands did not generally sullice to pnKliice development 
after brain implantation. For a description of the prothoracic glands in Phiiysamht cecropia 
sec Williams, 1948. 
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and was delaminated and the abdomens appeared as the lively, corresponding seg- 
ments of the adult, the cut surface being closed by scaleless, regenerate, “chitinized” 
epithelium (Fig. 4). Development was complete externally and internally and, 
in the case of female abdomens, the eggs were matured. Similarly, abdomens iso- 
lated from chilled pupae after return to room temperature required both a chilled 
brain and prothoracic glands for the initiation of adult development. 

In these experiments it was found that the prothoracic glands as well as the 
brain show a lack of species — or genus — specificity, for both of these organs remain 
effective when interchanged between Platysamia cecropia and Telea polyphemus. 

In contrast to the results of Fukuda (1941), who studied a species without 
pupal diapause, no development of isolated abdomens occurred when prothoracic 
glands were implanted in the absence of a chilled brain. 

Further Experiments on Isolated Pupal Abdomens 

From a series of six isolated abdomens of diapausing Cecropia pupae there 
were further removed the gonads, the entire digestive tract, the Malpighian tubules 
(with the exception of a few loose fragments), and the entire central nervous sys- 
tem, including the residual chain of five ganglia and connectives. Three of these 
prepai’ations survived, the heart continuing to beat. After the implantation of a 
chilled brain plus prothoracic glands, two of the abdomens developed into flaccid, 
but fully mature adult abdomens. 


Discussion 

It is evident from these experiments that the termination of pupal diapause 
requires a minimum of two factors, one from the brain and the other from the 
prothoracic glandvS. The easiest way to render these organs functional is to expose 
the diapausing pupa to low temperatures and then return it to room temperature. 
As has been shown previously, the effectiveness of chilling in terminating dormancy 
can be explained in terms of an action of low temperature on the brain, whereby 
the latter is made competent to release its developmental factor (Williams, 1946b). 
Manifestly, the prothoracic glands do not rec[uire similar exposure to cold, for 
they are promptly activated when a chilled brain is implanted into a diapausing 
pupa. 

From these observations it may be concluded that the brain exerts a controlling 
action on the prothoracic glands. Subsequent experiments have confirmed this 
hypothesis consistently. Thus to induce the development of isolated pupal ab- 
domens, it is neccwssary that the implanted brain be obtained from a previously 
chilled pupa. This is not the case in regard to the implants of prothoracic glands, 
for these organs are equally effective when obtained from diapausing pupae. The 
functional failure of the prothoracic glands at the outset of diapause seems there- 
fore to result from a primary failure of the brain in releasing its factor. 

The mechanism that terminates diapause must ultimately supply the dormant 
tissues with something necessary for cellular growth and differentiation. In respect 
to this process the experimental results may be interpreted from two points of 
view. On the one hand, the brain factor may be conceived as having sole action 
on the prothoracic glands and the prothoracic gland factor, in turn, as having 
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specific effect on the tissues of the body in general. On the other hand, the tissues 
niay require interaction with botli factors, the first factor serving to condition the 
tissues for reaction with the second. 

Although the evidence at hand does not suffice to exclude either interpretation,^ 
it seems likely that the factor from the prothoracic glands has ultimate action on 
the dormant tissues to convert them to activity. Thus, we have noted previously 
that adult formation becomes independent of brain action as soon as the earliest 



Figure 13. Diagramxuatic interpretation of experimental results when a chilled brain is 
implanted into the tip of the graft in preparations such as Figure 11. Development begins first 
in the anterior end of tlie pupa, containing the prothoracic glands. For explanation, see text. 

sigti of adult development is evident (Williams, 1946b). However, for some days 
thereafter, the animal continues to require further function of its prothoracic glands, 
for if the abdomen is isolated during this period, it ceases to develop. When tested 
in this fashion, adult development shows a dependency on the prothoracic glands 
until a critical stage, signalled by the initiation of eye pigmentation. 

Further evidence favoring the view that the factor from prothoracic glands lias 
ultimate action on the tissues has been derived from the experiments, described 
above, in which isolated abdomens were grafted to brainless, diapausing pupae 
(Fig. 7 and 9). When development was evoked by implanting a chilled brain 
into the tip oj the graft, the brainless pupa, containing the prothoracic glands, was 

* Since this paper went to press, proof has been obtain'ed of the validity of the first inter** 
pretation (see Fig. 13a). 
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observed to initiate development one day in advance of the abdomen, containing 
the brain. This difference in time can be magnified to three days or longer by 
interposing a plastic tube between host and graft (Fig. 11). In such preparations 
the final organ to initiate development was the imaginal disc of the graft's geni- 
talia, notwithstanding the fact that this lay alongside the implanted brain that had 
touched off the whole process. 

In terms of this type of preparation we may finally summarize our present 
information diagraiiimatically, as indicated in Figure 13. In Figure 13a, the brain 
factor is viewed as activating the prothoracic glands and the prothoracic glands as 
activating the tissues. In Figure 13&, the brain factor is conceived to act on all the 
bodily tissues to prepare them for final reaction with the factor from the prothoracic 
glands. In either case, the brain is the organ of primary control, but this control, 
at least in part, is exercised by an indirect mechanism. 

Summary 

1. The mechanism that initiates adult development after pupal diapause has 
beeti studied in a total of 282 experiments, supplementary to those reported pre- 
viously. 

2. Brainless, diapausing pupae were divided transversely and the developmental 
capacities of anterior and posterior fragments tested and compared. 

3. Implantation of a previously chilled brain sufficed to terminate the dor- 
mancy of anterior fragments. 

4. Isolated abdomens, to the contrary, remained undeveloped after brain im- 
plantation, Yet such abdomens, even without implantation, could be induced to 
develop by grafting them to developing anterior fragments. Manifestly, the ab- 
domens required for development an additional factor normally produced in the 
anterior end of the pupa. 

5. By transections at various levels the source of this additional factor was 
found to be the thorax. 

6. A testing of various thoracic organs revealed the effectiveness of the '‘pro- 
thoracic glands." Thus, implantation of a chilled brain plus prothoracic glands 
induced the complete adult development of isolated abdomens. In this effect the 
prothoracic glands as well as the brain showed a lack of species — or genus — 
specificity. 

7. The tennination of diapause requires in these species the action of a minimum 
of two factors, one arising from the brain and the other from the prothoracic glands. 
The brain factor is necessary for the activation of the prothoracic glands. 

8. The factor from the prothoracic glands, most probably, has ultimate action 
on the tissues in terminating diapause. 

9. The brain is the organ of primary control over diapause in the species 
studied, but this control, at least in part, is exercised by an indirect mechanism. 
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A COMPARATIVE STUDY OF THE LIPIDS IN SOME 
MARINE ANNELIDS 
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The Biological Laboratory, Fordham University, New York and the Marins Biological 
Laboratory, Woods Hole, Mass. 

Introduction 

In the past, studies on the meiabolism of lipids have been confined chiefly to 
observations made on homoiothermal vertebrates. Very little work has been done 
on the problem in the invertebrates. 

Terroine and co-workers (1930) found that the phospholipids in various cold- 
blooded animals contain very low amounts of fatty acid, that the iodine number 
of the fatty acids is not constant, and that the iodine number of the phospholipid 
fatty acids is lower than that of the stored fat but higher than that in similar 
tissues of homoiothennes. 

Timon-David (1930) found that the larvae of 24 insects contained 0.94-28 
per cent fat and that linolenic and oleic acids were widely distributed. 

Slifer (1932) found that the iodine number of the fatty acids in the eggs of 
seven species of grasshopper varies from 128-167. She found also that the tem- 
perature for complete fusion of the fatty acids depends on the environmental tem- 
perature : fats from eggs so laid as to hatch in spring had a melting point decidedly 
lower tlian fats from eggs so laid as to hatch in the summer. 

Salisbury and Anderson (1939) found that the lipids in Cysticercus fasciolaris 
consist of phospholipids, cholesterol, cerebrosides, and a small amount of neutral 
fat ; that the phospholipids make up about 30 per cent of the total lipids ; and that 
the fatty acids contain saturated and unsaturated forms in the ratio of 1:1. 

Wilber (1947) showed that starvation decreases the total lipid in the entire 
worm Phascolosoma, causes little change in the muscle lipids, and decreases mark- 
edly ihe fatty acid and phospholipid content of the coelomic fluid, but does not 
diange the cholesterol content of the latter. 

It is evident that information concerning lipid content and metabolism in the 
invertebrates is quite meager. A detailed study of the problem seems justified. 
The present report is one in a series dealing with the amounts and use of lipids 
in invertebrate tissues. 


Material and Methods 

Marine annelids were chosen for the investigation because tliey are obtainable 
readily and are easy to handle. The following species were studied: Nereis pela- 
gica, Amphitriic omata, Arenicokt marina, Phascolosoma gouldii, Lepidonotus 
squamatus, Glycera americana, Chaelopterus variopedatus. All were procured in 
the living condition from the Supply Department of Tlie Marine Biological Lab- 
oratory during the months of July and August, 1946. 
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Whole worms or individual tissues were prepared by grinding weighed 
amounts with sand in a mortar (Bloor, 1929). Lipids were then extracted with 
boiling alcohol. Some tissues were homogenized in a Waring-blendor instead of 
grinding with sand. The results from both methods arc comparable. 

T’hospholipids were ])recipilaled with acetone and magnesium chloride and 
estimated by the oxidation-titration method (I^loor, 1929). Fatty acid and choles- 
terol were estimated respectively by the oxidation-titration method and by the 
colorimeter using the acetic anhydride-sulfuric acid reagent (Bloor, 1928). This 
methbd measures the total fatty acids in the lipids. 

Coelomic fluid was removed from some of the worms and the lipids were ex- 
tracted and estimated in a similar manner. 

From the results obtained, the lipocytic coefficients (cholesterol/fatty acid) and 
the ratio, cholesterol/phospholipid were calculated for the various tissues (Mayer 
and Schaeffer, 1913). 


Results 

The results are summarized in Table I which shows that there is a wide varia- 
tion in the absolute values of the various lipid constituents in the different species. 

Table I 


Table showing the amounts of various lipids (values given as per cent of wet weight) in marine 
annelids and the numerical ratios of the lipids one to another. Values are the mean of ten worms 
selected at random 


Species 

Phohplip- 

lipids 

Choles- 

terol 

Fatty 

acid 

Choi. 

K..\. 

Ch. 

Ph. 

Total 

lipid 

Nereis pelagica 

0.73 

0.35 

1.82 

0.19 

0.48 

2.17 

Glycera amcricana 

0.82 

0.50 

2.25 

0.22 

0.61 

2.75 

A mphitrite ornata 

0.83 

0.55 

2.60 

0.21 

0.66 

3.1S 

Arenicola marina 

0.35 

0.29 

0.93 

0.31 

0.84 

1.22 

Coelomic fluid* 

155 

55 

877 

0.06 

0.35 

932 

Chaetopterus variopedaiits 

0.33 

0.16 

0.62 

0.26 

0.48 

0.73 

Lepido notits sqm mat us 

0.23 

0.40 

3,28 

0.12 

2,0 

3.68 


* Values in inf>./100 cc. of coelomic flui<L 


The table shows also that tissues with a high content of phospholipid have a high 
content of cholesterol. A similar relationship is api)arent between cholesterol and 
fatty acid. If the values for fatty acid arc ]flotted against the values for cholesterol, 
the points are distributed along a straight line. 

Discussion 

The results indicate that although there is a wide variation in the absolute 
values of phospholipid, fatty acid, and cholesterol in the different annelids, there 
is an apparently consistent ratio of these lipids one to another. 

The phospholipids of the annelids studied make up about 37 per cent of the 
total lipid. This value is close to tliat obtained (30 per cent) by Salisbury and 
Anderson (1939) in Cysticeretts fasciolaris. 
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It is known that the total lipid in the insect Sphanarium purpurascens consists 
mainly of free fatty acids (Giral, 1946). In the present investigation there is 
evidence of a j)re(lominance of fatty acid over cholesterol and phospholipid in 
annelid tissue. 

The relationshi]) between cholesterol and phospholipids is interesting. The 
worms witli largo amounts of cholesterol have a correspondingly large amount of 
phospholipid. A similar relationship obtains between cholesterol and fatty acid. 
This may indicate that in the annelids, as in the vertebrates, the ratio of lipids one 
to another is characteristic of the organ of an animal in a given species (Mayer 
and Schaeffer, 1913). 

The results in general indicate that in the marine annelids, cholesterol is always 
associated with phospholipids and is in constant relation to them. Cholesterol is, 
therefore, probably a normal protoplasmic constituent in the annelids as in the 
vertebrates (Bloor, 1943). 

Whether these relationships are. constant under different environmental condi- 
tions (changes in temperature, salt concentration, or season) is not known at 
present. 

Summary 

1. The amount of cholesterol, fatty acid, and phospholipid in various marine 
annelids was estimated. 

2. It was found that worms with a high content of cholesterol have also large 
amounts of phospholipid and fatty acid. 
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THE PROBLEM OF DIFFERENCES OF OFFSPRING IN 
RECIPROCAL CROSSES OF DROSOPHILA^ 
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Department of Zoology, University of Rochester, Rochester, Nezu York 

In general, reciprocal crosses between genetically different groups of organisms 
yield identical hybrids. In some cases, however, the offspring from reciprocal 
crosses are different from one another in spite of like nuclear constitution. Such 
cases are of particular interest, since they bear on the problem of the role of extra- 
nuclear factors in development and heredity. 

In 'Drosophila melanogaster a few examples have been described in which the 
developmental fate of a zygote depends in part on the genetic constitution of the 
mother. It seemed possible to obtain further data. A series of reciprocal crosses 
was performed and the expression of a sensitive indicator phenotype, caused by 
the mutant *‘Dichaete,” was determined. Several of these crosses seemed to give 
evidence of a maternal effect. However, further inquiry showed that the significant 
differences between the outcome of reciprocal crosses were at least partly due to 
inhomogeneity within each cross, and that no conclusion as to the existence or 
non-existence of maternal effects was justified. The data and their analysis pre- 
sented here serve to emphasize the need for detailed statistical study of the range 
of variability within, as well as between, sets of data under comparison. 

Materials and Breeding Methods 

The mutant phenotype ‘‘Dichaete” (7), 3-40,4-41 ±) is a very sensitive indi- 
cator of external and internal conditions prevalent during the development of 
Drosophila melanogaster (Slurtevant, 1918; Plunkett, 1926). A quantitative 
measure of such conditions may be obtained by counting the number of dorso- 
central bristles on the thorax of Dichaetc flies. Normal flies usually have four 
dorsocentrals while Dichaetc flies may have from zei-o to four. 

Plunkett has already given some data showing that the mean number of dorso- 
centrals is not significantly different in the Dichaete offspring from reciprocal 
crosses between Dichaete and normal flies. The procedure followed in the present 
study consisted in reciprocal crossing of Dichaete and non-Dichaete flies, the latter 
of which contained some other mutant genotype. In other words, the expression 
of Dichaete was measured in populations which not only differed in the maternal 
or paternal origin of the Dichaete genotype but also in the origin of the egg from 
a mother either free or in possession of some other mutant genotype. The mutants 
used in combination with Dichaete were vestigial (2-67.0) Minute (2) (2-12.9 ±), 

1 The author wishes to express his appreciation to Dr, Curt Stem for his helpful advice 
and guidance throughout this investigation. To Dr. D. R. Charles the author wishes to 
acknowledge in particular his indebtedness for aid in the mathematical treatment of the data 
throughout. 
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Minute (3) w (3-79.7), Minute 4 (4), and polychaetoid (3-39 ± 4). These mu- 
tants hereafter will be referred to as M-2, M-3, M-4, pyd, vg and D (Dichaete). 
The choice of mutants used was based on the following considerations; (1) vg. 
Hersh and Ward (1932) have reported that vg/+ heterozygotes possess slightly 
different wing dimensions, dependent on the direction of the parental cross, vestigial 
by nonnal. It was thought that the maternal effect indicated by these findings 
might express itself also in a modification of the bristle reaction in D flies. (2) 
Minutes. The effect of a Minute constitution consists not only in the morpho- 
logical modification of bristle size but also in a striking prolongation of larval 
growth (Dunn and Mossige, 1937) . The physiological mechanism underlying this 
developmental prolongation is unknown, but it seemed worthwhile to test whether 
egg pells derived from Minute females differed from egg cells derived from non- 
Minute females in their effect on the Dichaete reaction. (3) pyd. The use of 
this mutant was based on the supposition that its action toward increase of bristles 
may possibly result in a difference of egg c 3 doplasm from pyd as opposed to 
normal females. 

The initial problem was to obtain seven stocks which were highly alike except 
for the mutants to be tested (Z?, M-2, M-3, MA, pyd, and vg). The method was 
to replace whole chromosome “marked” with dominant mutant genes by homol- 
ogous chromosomes of the isogenic wild t)rpe stock “Canton-S.” A laboratory 
stock with dominant marked genes in the second and third autosome, of the geno- 
type +/+ ; Cy/Pin; Sb-C/H * was crossed with each stock of D, M-2, M-3, MA, 
pyd, and vg and their progeny outbred for three generations with Canton-S stodc. 
In case of crosses involving D or the Minutes, when all marked chromosomes, as 
well as the X and Y, had been replaced by homologous Canton-S chromosomes, 
the mutant female of the resultant stock was chosen as one parent of each subse- 
quent cross with Canton-S males. This was done in order to produce as mudh 
homogeneity as possible in the mutant chromosomes by allowing crossing-over to 
occur. The crosses described above were maintained for fourteen generations; 
subsequent flies were maintained by mass matings with all female parents of such 
mass matings selected from the same bottle. The Canton-S flies referred to were 
reproduced in each generation by pair matings from a single bottle. 

A slightly different breeding method was used with vg and with pyd, because 
the former i.s a rece-ssive and the latter a very weak dominant ; it was necessary to 
inbreed flics from the fourth generation in order to obtain the vg or pyd phenotype 
(fully expressed in homozygous condition only) . Thereafter, the vg and pyd flies 
were alternatingly outbred to Caiiton-S and inbred until the fourteenth generation 
was reached and the vg/vg and pyd/pyd flies were used in the experimental crosses. 

The experimental flies were obtained from reciprocal crosses between the ap- 
proximately isogenic stocks of Dichaete and of vg, pyd, M-2, M-3, and MA. 
Reciprocal crosses were also made between Dichaete and non-Dichaete siblings. 
Altogether, twenty crosses involving 456 cultures were made. 

All crosses were maintained in a seven-shelved incubator ventilated by a forced 
draft fan. The temperature was maintained between 24.5 and 25.0 degrees Centi- 

* Symbols used here refer to mutant genes as follows; C = crossing-over suppressor, Cy 
= curly wings, H = lack of certain Irairs, Pm = plum eye color, Sb = stubble bristles. For 
further details see Bribes and Brehrae (1944). 
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gfrade throughout the whole experiment. Crosses were indiscriminately mixed on 
the shelves, thus insuring that no one group of bottles occupied a “favored’’ position. 

Two culture methods were used. (1) In the “bottle” method, virgin females 
were collected over a two-day interval and each was put with a male in a 20 X 90 
mm. wshell vial containing a piece of agar-molasses sul)strate (unycastcd) to supply 
moisture. At the end of the two days, the pairs of flics were transferred to ordi- 
nary half-j:)int milk bottles with the usual cornmeal-molasses food (imycasted). 
After an additional three days the parents were shaken out and the bottles re- 
turned to the incul)ator. (2) The “egg-count” method ditTers in a few respects 
from the “bottle” method. Virgin females were collected as before and pair- 
mated in 20 X 90 mm. shell vials for two days. The pairs were then removed and 
put into half-pint milk bottles containing egg-laying dishes. These were rectangu- 
lar metal dishes, 60 X 30 mm. long and wide, and 10 mm. deep, filled with food. 
The same substrate was used as above. Egg counts were then made. When 120 
eggs had been deposited on the surface of the substrate, 12-36 hours later, it was 
transferred to a 4*^-inch finger bowd with yeasted food medium. The bowl was 
then covered with cotton gauze and another finger bowl and placed in the incu- 
bator. When all larvae had pupated they were transferred to bottles and remained 
there until eclosion. 

Effect of Culture Method on Populatfon Density 

Considerable variability in size of population per bottle and in average popula- 
tion per cross was found with either culture method. The area of substrate per 
larva (as judged by flies surviving to eclosion) also diflfered greatly. Table I 
contains relevant data. 


Tabi.e I 

Effect of culture method on population deimty 



l^gg count method. Area of agar 

Bottle method . 

Amu of aear 


fluifoco 9710 mm.-* 

buitace 263S inm.^ 


Total population 

Aten p(»r suiviv- 

Total population 

Aiea i»ei Mirviv- 


BUI VlVIUg 

mg laiva 

BUI vivmg 

itifl liirvn 

Least densely populated 

33 

294 

7S 

35 

bottle 





Least densely popuUte<i 

69 

141 

100 

26 

cross (average) 





Average of all crosses 

32 

118 

115 

23 

Most densely populated cross 

95 

102 

130 

20 

(average) 





Most densely populated 

123 

79 

189 

14 

culture 






The two methods offered very different conditions of existence to the larvae. 
If these conditions had any significant effect upon bristle number, identical crosses 
cultured by the two methods would not be expected to yield comparable results. 
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Analytical Methods 

The Didiaete offspring of the experimental crosses were classified by sex and 
number of dorsocentral bristles. No distinction was drawn between M and 
flies. As an index, the mean number of posterior dorsocentral bristles per hemi- 
thorax w«as computed separately for each sex in each bottle. In computing the 
index, one-half the number of one-bristle flies were added to the total number of 
two-, throe-, and four-])rislle flies, and this resulting sum divided by the number of 
flies of that sex in that bottle. This method of calculating posterior dorsocentral 
bristle frequency is justified by the data of Plunkett (1926) and Walker (1941). 
According to these workers, the effect of Dichaete is to remove the anterior dorso- 
central bristles first and the posterior dorsocentral bristles secondarily, if the effect 
is strong enough. This nieans that if two bristles remain, they are practically 
always the posterior dorsocentrals, and if one bristle is present it is with about 
equal frequency the right or left posterior dorsocentral. As an overall measure 
of^bristle frequency (in one sex) in a particular cross, a mean bottle index 
(Perohs) was calculated in the same manner as for a single bottle. A summary of 
cross indices is shown in Table II. 


Table II 

Bristle frequencies (as measured by presence of posterior dorsocentrals per hemithorax; wild- 
type » 1) for Dichaete progeny of the experimental crosses. and refer to reciprocal crosses, 
the jormer denotes the cross in which the female parent is Dichaete and the latter denotes the cross m 
which the male pareni is Dichaete. 




Female progeny 

Male progeny 

Experimental 
crose number 

Mutant used to test foi 
"maternal” effect 

A 

B 

A 

B 

Mutant 

fatUei 

Mutant 

mother 

Mutant 

iather 

Mutant 

mother 



Cross mdex 

Cross index 

lA and IB 

vg (botlle method) 

0.704 

0.752 

0.529 

0.635 

**2.4 and 2B 

(ogg-count method) 

0.774 

0.710 

0.681 

0.403 

ZA and 3/i 

MA (bottle metliod) 

0.432 

0.363 

0.289 

0.180 

44 and AB 

M-Z (bottle method) 

0,585 

0.601 

0.423 

0.445 

**54 and SB 

M-Z (egg-count method) 

0.824 

0.903 

0.625 

0.605 

64 and 6B 

M-1 (bottle method) 

0.669 

0.529 

0.500 

0.425 

1A and 7S 

pyd (bottle method) 

0.697 

0.596 

0.660 

0.445 

84 and SB, 

Dichaete* (egg-count 





94 and 9B, 

method) 



0.599 


104 and lOB 

0.843 

0.891 

0.671 



* These experiments were carried out within the Dichaete stock itself; DjC females and males 
were crossed reciprocally with CfC males and females. 

** These crosses done by the ^‘bottle” method and repeated later by the ‘*egg-count’^ method. 
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Whether the indices (for the same sex) of the reciprocal crosses were or were 
not significantly diff er^t was determined in three steps : 

(1 ) for eadi sex (Pfemaies and Pmaii-d, a joint mean of the two reciprocal crosses 
was calculated from the combined data of the two crosses in the same manner as 
for a single bottle. 

(2) the bottles above and below the joint means, sexes considered separately, 
were entered in a four-fold table. 

(3) this table was tested for homogeneity by the usual method. The rele- 
vant data for all crosses are summarized in Table III which shows the probability 


Table III 

X®, n, values for distribution of bottles whose indices fall above and below the joint mean 
(Pfomatoa (ind JPmaloa) foT each reciprocal Cross. 


Crosses compared 

Female nogeny 

Male piogeny 

1 

Combined piogeny 

No 

9 X c? 

(«-l) 

P 

(m«1) 

P 

(n »2) 

X^ 

p 

LI 

*15 

XX 

5.127 

0.025 

4.282 

0.042 

9.409 

0.010 

*2A 

2B 

D/C X Vg/vg 
vg/vg X D/C 

5,432 


24.966 

0.003 

30.398 

<0.010 

*3A 

SB 

D/C X M-4/C 
ilf-4/C X D/C 



2.115 

0.160 

4.900 

0.089 

4A 

*45 

Die X M-3/C 
M-3/C X D/C 


0.154 



3.185 

0.204 

■SI 

mm 

D/C X U-3/C 
M-3/C X D/C 

3.343 

0.072 

0.016 

0.900 

3.359 

0.190 

♦6/1 

65 

D/C X M-2/C 
M-2/C X D/C 

9.185 

0.007 

6.417 

0.011 

15.602 

<0.010 

*7d 

75 

D/C Xpyd/pyd 
pyd/pydX D/C 

13.616 

<0.010 

18.169 


31.885 

<0.010 

00 OO 

D/C X C/C 
C/C X D/C 

0.744 

0.407 

3.702 

0.0S6 



m 

**9B 

D/C X C/C 
C/C X D/C 

0.628 

0.444 

1.563 

0.219 

2.191 

0.392 

lOA 

*105 

D/C X C/C 
C/C X D/C 

1 

3.478 

0.067 

0.965 

0.332 

4.443 

0,117 


* Cross giving higher index for progeny of both sexes. 
** Cross giving higher index for female progeny, 
t Cross giving higher index for male progeny. 


that such a distribution above and below the joint index could be a chance occur- 
rence. 
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Of the mutants tested, three — pyd, vg, and M-2 — ^have significantly different 
indices in reciprocal crosses ; two, M-3 and M-4, do not, nor does Dichaete itself. 

One totally unexpected feature of these results is that the difference between 
reciprocal crosses involving vg was of opposite sign in the two trials, but sig- 
nificant in each case. In crosses ^A(JD/C^X vg/vg(^) and IB^vg/vgSjlX 
D^C(^) both male and female offspring had higher indices where the vestigial 
parent was the mother; in crosses 2A{D/C^ X vg/vg^) and 2B{vg/vg^X 
D/C(^) each sex showed a larger index where the vestigial parent was the father. 
Among many possible explanations, three seem most worthy of consideration. 
(1) Inefficient statistical methods may have been used. It may be recalled here 
that the general puqDose of statistical tests of the reality of observed differences is 
to predict whether similar differences would be expected in repetitions under com- 
parable conditions. Predictions are based here on the variation of bottle indices 
within an experiment. In the present case the statistical test of either one experi- 
ment of a pair leads to the expectation that the other experiment should yield a 
difference of the same sign, if it has been performed similarly. The other, how- 
ever, gives opposite results. (2) There may have been a difference in procedure 
between Uie two experiments of a sort which, in general, reverses the direction of 
difference between reciprocal crosses involving vg and Dichaete. In fact crosses 
1A(D/C2 X vg/vge^) and lB{vg/vg2 ^ were raised by the bottle method 

and had average population densities of 4.7 and 4.4 larvae per cm.® (as judged by 
the number surviving to eclosion) ; crosses 2A(J)fC% X vg/vgS) and 2B(vg/vg2 
X D/C(S), raised by the egg-count method, had densities of 0.85 and 0.91 larvae 
per cm®. (3) There may have been a difference in material between the two 
experiments. In fact the vestigial parents used in the two trials were not of 
undoubtedly identical genotype. In maintaining the vg and Canton stocks, a con- 
tamination was noticed in both of them between the first and last vg experiments. 
The Canton stock was re-obtained from a laboratory stock which had come orig- 
inally from the same stock as the first Canton stock but had been inbred by mass 
matings instead of pair matings. A stock of vestigial was obtained from the same 
source as l>efore and was made approximately isogenic by the same procedure as 
before. On the whole, then, explanation (3), difference in stock, seems rela- 
tively improbable. 

Exj)lanation (1), inefficient statistical method, also may reasonably be ex- 
cluded: the method is standard and its prediction about repetitions is upheld in 
the one cross which was repeated without change in culture method. Three sets 
of reciprocal crosses were made between Dichaete and non-Dichaete siblings. In 
each set of reciprocal crosses the indices for both sexes were found not to be sig- 
nificantly different. The prediction from the statistical tests is also fulfilled in 
one case where the culture method was dianged, that is, crosses 4A(D/C2 X 
M-3/C(^) and 45(Jlf-3/C5 X D/C^) were done by the bottle method and their 
indices (for both sexes) were found not to be significantly different. Later, this 
same pair of reciprocal crosses was repeated (cross SA: D/C% X M-i/C^ and 
cross 5B: M-S/C^ X D/C^) and the progeny raised by the egg-count method. 
Here, as before when the bottle method was used, neither sex showed indices 
significantly different from those of their reciprocal crosses. 

Thus explanation (2), effect of culture method, seems to be the only one of 
the three leading possibilities which cannot be reasonably excluded. That it 
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should be expected to bring about a reversal of the diiTerence between reciprocal 
crosses is not obvious from the literature on bristle phenotypes. That it may 
actually have done so can scarcely be decided without some study of the relation 
between I)ristle index and the factors which cluinge with varyitig culture condi- 
tions. It is with this problem that the following section is concerned. 


Factors Affectino tub: Dristlk Index 

Three factors affecting the bristle index will be considered. 

(1) Differences within crosses. Whatever the factors may 1)e which affect 
the bristle frequency in the present material, they do not operate identically even 
through a group of bottles prepared at the same time, containing progeny from 
parental pairs of the same genotype, and all incubated within 0,5 degrees Centi- 
grade of the same temperature. This fact was estaldished by making x® tests 
for homogeneity for the female indices within each of the twenty experimental 
crosses. The results of these tests are liwSted in Table TV. Altogether, in twelve 

Table IV 

X® treatment of the compart wn of bottle and group hid ices of the female progeny 
within crosses lA-^lOB 



Cross 



V* 

n 

p 

No. 

<? 

X 



Die 

X 

nhz 

94.179 

34 

<0.010 

15 

vilvg 

X 

Die 

64.463 

16 

<0.010 

2A 

D/C 

X 

nhz 

55.793 

29 

<0.010 

2B 

nhg 

X 

Die 

105.025 

35 

<0.010 

3A 

Die 

X 

MAIC 

47.372 

30 

0.024 

35 

MAIC X 

Die 

12.815 

17 

0.747 

AA 

Die 

X 

M-ZjC 

104.200 

37 

<0.010 

45 

^r-3/c X 

Die 

108.071 

i ^ 

<0.010 

5A 

Die 

X 

M-3IC 

18.895 

! 18 

0.407 

55 

M’SIC 

X 

Die 

9.082 

14 

0.823 

6A 

Die 

X 

M-2IC 

132.111 

29 

<0.010 


M^2IC 

X 

Die 

143.243 

45 

<0.010 

7A 

Die 

Xpydipyd 

72.103 

31 

<0.010 

IB 

pydIpydX 

Die 

93.845 

45 

<0.010 

3A 

Die 

X 

CIC 

25.115 

19 

0.163 

85 

cie 

X 

Die 

18.893 

17 

0.339 

9A 

Die 

X 

CIC 

42.234 

39 

0.674 

95 

CIC 

X 

Die 

71.068 

36 

0.013 


Die 

X 

CIC 

26.987 

39 

0.162 

105 

CIC 

X 

Die 

72.094 

41 

<0.010 


of the twenty crosses, significant differences among bottle indices for females were 
found between duplicate bottles of the same cross. 

(2) Differences related to eclosion order. In addition to the unexplained dif- 
ferences among bottles treated as similarly as possible, consistent differences in 
bristle index are also found within individual bottles. In each of the crosses 
raised by the bottle method, the first flies to eclose showed a higher mean bristle 
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index than the flies included in the second count, two days later. And tliese in 
turn had a higher mean index than flies included in the third count which was four 
days after the first. That is, in general, the bristle index decreased with eclosion 
order. 

The underlying factor or factors which relate the bristle number of an indi- 
vidual fly to its eclosion order are unknown. They may include, among others, 
amount of moisture of food, presence of metabolic wastes of larvae, and amount of 
yeast available during all or part of the life of a larva. The yeast growth of a 
particular culture prcvsumably varies partly with the number of larvae which have 
previously been feeding upon it, and perhaps partly with elapsed time, independ- 
ently of larval population. 

(3) Difference related to area per eclosed larva. It was found in all but one 
out of sixteen cases that bristle index was positively correlated with substrate area 
per eclosed larva. The positive correlation coefficients were found to vary from 
0.479 in the male progeny of cross 2 A {D/C^ X vg/vg^) to 0.049 in the male 
progeny of cross 2B(vg/vg2 X (Table V). The excessive variability 

Table V 

Correlation coefficients between bristle index and substrate area 


Cultured by 

Bottle method 
Bottle method 
Egg-count method 
Egg-count method 
Bottle method 
Bottle method 
Egg-count method 
Egg-count method 


Cross 


(Die X Vg/vg) 
lB(vglvg X DIO 
2A (Die X vgjvg) 
2B (vgivg X 2>/C) 
AA (Die Xil^-3/C) 
AB (JI/-3/CX DIO 
5^ (Die Xil^3/C) 
SB (JI/-3/CX DIO 



* Signifies cross with significantly different mean bristle index in reciprocal crosses. 


of indices within crosses, and the influence on size of index of eclosion order, makes 
difficult an evaluation of the correlation between index and substrate area. A 
clarification should be based on data containing counts of daily hatches and not 
only, as iti the data used, on complete hatches. 

Discussion 

1'he original puriiose of this investigation was to test for “maternal effect,” i.j., 
phenotypic effects expressed exclusively through or by the maternal parent, in 
the offspring of reciprocally crossed isogenic stocks. No significant differences 
were found I)elween reciprocal crosses involving M~3, M-4, nor within Dichaete 
itself, but significant differences between reciprocal crosses involving ikf-2, pyd^ 
and vg were found (as judged by mean posterior dorsocentral bristle index). 
However, two groups of data showed large and unexplained variation. These 
were the significant differences in mean bristle index of cultures within crosses, 
and the reversal in sign of the significant differences between crosses IA{D/C^ 
and \B{vg/vg^yiD/C^), and crosses 2A{D/C^Xvg/vgi) and 
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2B{vg/vg^X D/C(^), In regard to the former, these significant differences 
arose among progeny of parental pairs of identical age and genotype. They arose 
in spite of efforts to produce, as nearly as possible, identical treatment of all flies. 
It must be concluded that these efforts were not sufficiently successful in making 
the environments of different sets of progeny homogeneous. Such factors as the 
condition of the substrate, the availability of yeast, and possibly the presence of 
bacteria and fungi in the fermenting medium were probably of influence on the 
bristle indices. With regard to the reversal in difference between bristle indices 
in the two sets of T/^-Dichaete crosses, the unexplained variability just discussed 
may be the only cause of the opposing results. In addition, it should be pointed 
out that different culture methods were employed in the z/< 7 /Dichaete experiments. 
During larval life the closure of the experimental dishes in the “egg-count** method 
by means of cheesecloth and fingerbowls is considerably less tight than in the 
bottle method. It allows for more loss of substrate moisture and permits perhaps 
greater inoculation with bacteria and fungi. Furthermore, the greater area of 
substrate per larva in the “egg-count,** as compared to the bottle method, presents 
a difference in environment, in degree if not in kind, to the developing larvae. 
The availability of yeast and the abundance of competitive organisms may be 
altered, as part of this environment, and in turn may influence the production of 
posterior dorsocentral bristles. Whether the effects of these two different environ- 
ments is of such nature as to cause a significant reversal of mean bristle index 
between these two sets of reciprocal crosses is not conclusively shown in these 
data. The fact, however, that they may influencje mean bristle index in experi- 
mental flies should not be ignored. 

In the interest of more exact and unifonn conditions, certain refinements of 
technique in future experiments may be mentioned here. It is well known that 
too few as well as too many larvae do not produce healthy culture conditions. 
Therefore, the optimal area per substrate per larva should be determined. In view 
of the fact that great variations in egg hatching are sometimes encountered, it is 
suggested that, where possible, counted larvae are chosen for experimental material 
rather than eggs. The substrate itself varies somewhat from culture to culture in 
the amount of moisture present and acidity (Bridges and Darby, 1933). Buffered 
substrate and controlled moisture conditions might aid in establishing more uniform 
culture conditions, 

DiflFerences between reciprocal crosses somewhat similar to those encountered 
in this work have also been described for vg by Hersh and Ward (1932), and 
Child (1939). No data were presented dealing with differences in wing size 
related to eclosion order, or to amount of substrate per larva, nor have tests of 
homogeneity been reported. The present work points to the necessity for ex- 
tremely well controlled culture conditions and a searching statistical analysis, before 
conclusions concerning “maternal effect** can be accepted. In view of the residual, 
uncontrolled variability, the data obtained in this work are inconclusive as to the 
presence or absence of a “maternal effect.** 

Summary 

1. To test for the existence of maternal effects in Drosophila melanogaster, 
approximately isogenic stocks of Dichaete, pyd, vg, ikf-3, M-4 were prepared. 
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Reciprocal crosses were made between each stock and Dichaete, and between 
Dichaete and non-Dichaete siblings. The results, as indicated by posterior dorso- 
central ‘‘bristle indices” (i.e., average number of dorsocentral bristles per hemi- 
thorax), of the Dichaete progeny show that no significant differences arose within 
six pairs of reciprocal crosses. The reciprocal crosses of four other pairs of 
experiments yielded significant differences in bristle indices. Two of these pairs 
were alike in type of crosses, but different in type of culture method. The sign 
of the differences in bristle indices was reversed in these two sets of experiments, 
the progeny with the higher indices coming from Dichaete mothers in one case, 
and from Dichaete fathers in the other. 

2. Tests of homogeneity show that within crosses, all bottles of which have had 
identical treatment, differences in mean posterior dorsocentral bristle frequency 
occur which are greater than those to be expected on the basis of simple sampling 
errors. 

3. The size of the bristle index of an individual fly depends partly upon its 
eclosion order, with those flies that eclose earliest having the highest bristle index. 

4. The size of the bristle index depends partly on area of substrate available to 
the individual, although this dependence may be weak in many cases. 

5. The lack of homogeneity in indices within crosses, and the reversal in 
direction of “maternal effect” in the pairs of crosses grown under two different 
culture conditions, suggest that external conditions during the development of the 
flies must be made more constant than heretofore, before conclusions as to the 
presence or absence of a “maternal effect” can be drawn. 
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BINARY ANTERIOR OCELIJ FN ANTS 


NEAL A. WEBER 

In a paper by thiwS name in the Biological Bulletin William Morton Wheeler 
(1936) published an account of binary anterior ocelli which was believed to 
be the first record of this condition in adult insects* He was led into a search 
of the literature by finding a doubling of the anterior ocellus in 15 out of 
more than 4,000 of a colony of anomalous ants {Cephalotes atratiis qmdridens 
DeGeer), which he called gynandromorphs. This colony was one which I col- 
lected in Trinidad, British West Indies. The discovery led him to examine other 
ants, an examination which revealed a comparable condition in a soldier of the 
Indonialayan ant, Plieidologefon divcrsits laotina Santschi, and in more than 60 
per cent of a series of 300 soldiers from 25 colonies of the neotro])ical leaf -cutting 
ant, Affa cephalotes L. 

The anterior ocellus of the insect eye has long been known to have a double 
innervation, while the lateral ocelli have a single innervation. In the ontogeny 
of insects there arc also two primordia for the anterior ocellus itself, one for each 
of the lateral ocelli. 

It is the purpose of this note to give credit to a much earlier discoverer of the 
binary anterior ocellar condition in ants and to add several additional records. 

H. W. Bates in ^'The Naturalist on the River Amaaons/* of which the first 
edition was published in 1863, while writing of the large leaf-cutting ants or Saiiba 
at Para, Brazil, says : ^ 

*The third order of workers is the mo.st curious of all. If the top of a small, 
fresh hillock, one in which the thatching process is going on, be taken off, a broad 
cylindrical shaft is disclosed. . . • If this be probed with a vStick ... a small num- 
ber of colossal fellows (Fig. 3) will slowly begin to make their way up the smooth 
sides of the mine. Their heads are of the same size as those of the class Fig, 2; 
but the front is clothed with hairs, instead of being polished, and they have in the 
middle of the forehead a twin ocellus, or .simple eye, of (|uite different structure 
from the ordinaiy compound eyes, on the sides of the head. This frontal eye is 
totally wanting in the other workers, and is not known in any other kitid of ant.*' 

A new record which is here figured (Fig, 1) is that of another fungus-grower, 
AcromyrmcAT (A.) coronalus Fab. In this genus, however, there is no soldier caste, 
although the workers are otherwise as polymorphic, and the large workers do not 
normally have ocelli. Three large workers from liolivia (Rosario : fv. Rocagiia, 
W. M. Mann, collector) show the condition as represented. The frontal area, 

^ His description and figures (Eveiyman’s Libr. cd., 1930, pp. 10-16) of the large, shiny- 
headed soldier with distinct ocelli fits Atta cephalotes L. and this is the species he names (as 
Oecodoma cephalotes). He, however, states that the male is not much more than half the size 
of the female and this is characteristic of Atta scxdcrts L., the common Brazilian species. It 
is possible that most of his extensive account, which is not quoted, refers to scxdens and the 
condition of double ocelli refers to cephalotes. When he returned to England he may have 
examined the latter in collections and then discovered the ocelli, or he may have seen the 
condition in life along the upper Amazon where cephalotes and laevigata occur. 
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above the convex posterior margin of the clypeus and between the bases of the 
antennal scapes, is shown. The ants are normally rugose here and this condition 
is indicated l)y short irregular lines. The dotted lines constituting the margin of 
each figure represent the frontal carinae which are expanded anteriorly as frontal 
lobes covering the insertions of the antennae. In the middle of each frontal area 
posteriorly lie the paired ocelli. Each pair is in the position of the normal single 
anterior ocellus of the functional female caste of the species. In the female of 
A. coronatiis glohocuUs Forel, for example, the lateral ocelli lie immediately out- 
side the frontal carinae in the position indicated in the figures by a pair of short, 
converging, dotted lines forming the most posterior portion of the drawings. 



Other species of fungus-growers in my collection show binary anterior ocelli 
or other variations from the usual absence of ocelli. 

Soldiers of AU(X ccphaJoics from Peru show the condition described by Dr. 
Wheeler. ^I'he three mounted maxima soldiers of the type colony of A. cephalotes 
isilimicola Weber from Panama have large binary anterior ocelli and vestigial or 
no lateral ocelli, 'fliree smaller soldiers of the same colony have each a minute 
anterior ocellus and no lateral oc(*lH. 

Out of three soldiers of Jf/a j:c,vdcns ruhropilosa Forel (det. Gonc^alvez) from 
Kio do Janeiro, only the largest shows ocelli and these are a minute lateral pair. 
Three soldiers of J. sexdcm robust a Borgmeier from Rio de Janeiro (Goiujalvez) 
show miinite anterior and much larger lateral ocelli. 

Large soldiers of Atta laevigata (F, Smith) from Venezuela, Brazil and 
Bolivia have a variable anterior ocellus which in some is smaller, in others larger, 
than the lateral ocelli. Several of the anterior are binary. 

It may be pointed out that all of tliese records, now comprising four genera, are 
from the subfamily Myrmicinae which occupies a position about midway in the 
phylogeny of ants. 
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AN ELECTRON MICROSCOPE STUDY OF PROTOZOAN FLAGELLA 
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Introduction 

While the magnifications obtained by the electron microscope have added greatly 
to the knowledge of the morphology of bacteria, the protozoa have been found to 
be too thick for easy penetration (unpublished work). However, it was believed 
that certain protozoan structures could be studied to advantage, and the following 
paper summarizes some results of electron microscope studies of flagella. 

Flagella have been studied extensively with the light microscope. Vlk (1939) 
demonstrated several types among which was the ciliary type consisting of a shaft 
on which were located numerous small cilia, or very fine fibrils. Other biological 
fibers have been studied and are being investigated by means of the electron micro- 
scope. Jakus (1945) studied the morphology of trichocysts of paramccia elucidat- 
ing the “ultra-structure” of the shaft. The shaft material is made of fibers which 
show long spacings typical of contractile fibers. These spacings, which probably 
represent the fundamental molecular arrangement in the fiber, differ slightly in 
length from the spacings in myosin and collagen. The connective tissue fiber, 
collagen, has been studied by Schmitt, Hall, and Jakus (1942) using the electron 
microscope. They were able to measure directly the long spacings which had 
previously been studied by Clark, Parker, Scliaad, and Warren using X-ray 
diffraction techniques (1935), and had been remeasured by Bear (1942, 1944). 
Hall, Jakus, and Schmitt (1945) demonstrated several distinct long spacings in 
muscle fibers. 

Fibers have been observed by electron micrograph in the tails of sperm by 
Baylor, Nalbandov, and Clark (1943) u.sing bull .spenn, and by Harvey and 
Anderson (1943) using the spenn of tltc sea urchin. The axial filament of the 
sperm tail in unfixed preparations se])aratcd into about ten to fifteen fibrils either 
in the region of the naked filament or in the region of a break in the protoplasmic 
sheath. The flagella of bacteria have been sttuHed by Mudd, PolviLsky, and 
Anderson (1942) using the electron microscope. 

By all odds the outstanding investigation on flagella, both in structure and 
function, is that of Harley P. Brown (1945). This ]^.D. thesis gives an exhaus- 
tive historical background as well as an account of the autlior's extensive experi- 
ments ranging from electron micrographs to underwater swimming. This paper 
unfortunately did not come to the attention of the present authors until a consid- 
erable amount of our work had been completed. Actually, there is very little to 
be added to the work of Brown. But it seems of value to record our independent 
observations, most of which are on quite different organisms. Our electron micro- 
graphs in part confirm the data of Brown, but those included in tliis paper pri- 
marily present new infonnation on flagella not disclosed in his electron micrographs. 
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Brown studied the following organisms: ^Istasia kelcbsii Lemmermann, Euglena 
gracilis Klebs, Ochromonas variabilis Meyer, and Chilovionas paraineciwn Ehren- 
berg. The micrographs show that the flagella are of approximately uniform diam- 
eter throughout their entire length ; that each flagellum consists of a denser axial 
core (axoneme) and a less dense sheath surrounding tlie core ; that in the flagella 
of Euglena and ^Istasia tlie axial core appears to consist of two fibers of equal 
size: that the sheath appears to contain or consist of a coiled fiber in a helix 
encircling the axial core ; that flagella of Euglena and Astasia bear along one side 
a single row of delicate filaments, designated flimmer, while the long flagellum of 
Ochromonas bears similar flimmer along both sides, and that of Chilomonas bears 
none. The general conclusion of Brown is that the flagellum beats in spiral undu- 
lations, confirming the theory of Lowndes (1945). 

Materials anp Methods 

The R.C.A. electron microscope, type B, was used in the following experi- 
ments. The microscope and its application to biology has been described in 
detail by Marton (1941), and by Zworykin, Marton, Ramberg, Hillier and Vance 
(1945). The specimen was placed directly on a collodion membrane supported 
by a standard wire mesh which served as the “slide.” In the experiments which 
follow it was often desirable to examine the specimens at low magnifications so 
as to correlate the results with those of the light microscope. It was also desirable 
to view a wide field. The wide field, low magnification and greater depth of focus 
were obtained by placing the “slide” in the top of the specimen holder. The optical 
principles involved have been described by Burton, Barnes, and Rochow (1942). 
The technique of calibration described in that paper was employed to obtain the 
magnification figures used in this work. 

Mixed cultures of protozoa were obtained from water from the Boneyard 
Creek in Urbana, Illinois. They were subcultured in chlorine-free water to which 
a grain of unpolished rice was added. Some pure cultures were attempted by 
subculturing from single organisms picked from dilute mixed cultures by fine 
pipette, but results of this procedure were unsatisfactory both as to photographs 
obtained and purity of culture. Saline suspensions of the gut contents of the cock- 
roach Peraplaniia ainericana were prepared in an attempt to photograph the flagella 
of the flagellates Lophomanas blattarum and L. striata. In a similar manner, 
suspensions of the gut contents of the termite RcficuUtermes flavipes were prepared 
in order to observe the flagella of this rich flagellate fauna. 

Specimens were prepared in the following ways : 

1. A drop of culture was placed directly on the collodion membrane and allowed 
to dry in air. Some of these were washed in distilled water to remove excess 
debris, organisms, or salt. 

2. A drop of the culture was placed directly on the collodion membrane, al- 
lowed to stand five to ten minutes in air, and then before complete drying had 
occurred, the screen was touched to a meniscus of distilled water. The surface 
tension of the meniscus drew the liquid from the screen leaving the biological 
material attached to the membrane. 

3. Organisms were fixed in formalin directly on the screens, which were then 
washed in the above manner to remove the excess formalin. 
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4. Mixed cultures were fixed and stained with osmium tetroxide by adding 
2 per cent OsO^ in aqueous solution to the drop containing the organisms, allowing 
the organisms to sink, and then pipetting them to the screen. 

Results 

Most of the protozoa were too large and thick for i^enelralion by the electron 
beam. Specimens of Englena sp. allowed no penetration, either in the region of 
the cell body or through the flagellum itself. Preparations from the gut of both 
cockroach and termite contained sufficient extraneous matter to obscure the struc- 
tural details of the locomotor organelles of the flagellates. However, flagellates 
from the fresh-water cultures, some of which were tentatively assigned to the genus 
Monas, did allow enough penetration after drying to permit the cell outline and 
granules within the cell to be observed. Since this favorable material possessed 
several different and distinct types of flagellar forms, it was used for most of the 
studies herein described. 

The general cell form of the organisms studied can be observed from the electron 
micrographs. Figure 1 shows a round cell body of Monas sp. which has un- 
doubtedly flattened and shrunk during drying. The cell membrane is clearly seen, 
as is the protoplasmic mass which has become 'distorted during drying. Numerous 
granules can be seen within the cell, but their identification can only be surmised. 
The unidentified flagellate in Figure 2 shows an invagination at the apex behind 
which is a clear area, suggesting a c 3 rtostome and reservoir, or perhaps a con- 
tractile vacuole. 

The fixation techniques employed in this work were not of a nature to demon- 
strate delicate cellular or flagellar components. Denaturation of protein appears 
to render it more opaque to the electron beam as does certainly the addition of a 
heavy metal. Formalin fixation caused adherence of foreign material to the cell 
body. The effects of osmium tetroxide can be seen in Figures 4, 6, 7, and 10. 
Much debris is always adsorbed and the cell body is completely impenetrable. The 
freezing-drying technique (Wykoff, 1946) is suggested as being probably the best 
to preserve the form of these animals for study with the electron microscope. 

The flagella seen in the accompanying photographs are of two types, the ciliary 
flagellum and the fibrous flagellum. Vlk (1938) named the ciliary flagellum and 
found it present in many species of flagellates. Jle called the ty])e without cilia 
the whip-flagellum, which may be the same as the type observed in this work and 
designated as the fibrous flagellum owing to the nature of its structure. The ciliary 
type seen in Figures 1 through 7 a])pears to consist of a shaft or tube, or mass of 
densely packed elongate fibers surrounded by radially placed ciliary strttclures (or 
flimmer). The exact nature of the central shaft cannot 1)e determined from the 
present photographs. At the distal end of the flagellum shown in Figure 1, and 
in the region of the bend in Figure 5 long heavy fibers may be seen. The shaft 
may be a tube of these, or may have them embedded in the tube wall as a con- 
tractile element. In Figures 2 and 3 the shaft appears solid. In Figure 7 the 
central structure, which has been fixed with osmic acid, may possibly be interpreted 
as a hollow tube. It is probable that there are several different sub-types of the 
ciliary type of flagellum. In numerous cases one of the two flagella measured less 
than one micron in length. Flagella usually measured from 5 to 10 microns in 
length, and about 0.3 microns in width. 



ELECTRON MICROSCOPE STUDY OF FLAGELLA 


117 



Plate I 

Figure 1. Electron micrograph, of , sp.” showing cell body and attachment of two 

types of flagella (ca* 5,700 X), 

Figure 2. Organism (unidentified) showing single ciliary flagellum. Note sliaft nodules 
and arrangement of cilia (ca. 4,700 X). 

Figure 3. Portion of ciliary flagellum showing nodules of shaft and cilia (ca. 6,600 X), 
Figure 4. Ciliary flagellum after osmic add fixation (ca. 8,400 X ) . 

Figure 5. Ciliary flagellum with fibrous shaft (ca. 9,600 X). 
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The point of allachinent of the cilia on the flagella coiikl not he clcterniine<l hv 
these photographs. Figures 2 and 3 vshow small nodules limited to one side of 
the shaft from which groups of cilia a])pear to take their origin. These are most 
dense in the proximal region. l>n)vvn ascribed this ai)i)earance to the helical 
fibrous sheath closely appressed to the axial core. Figure.s 1 and 5 show no such 
nodules although the cilia are clearly seen. In b'igure 4 the form of the shaft is 
obscured by clumps of osmic acid which have also deposited between the individual 
cilia. 

The fibrous flagella are ])est seen in Figures 8 and 1'hey api)ear to be long 
fibers twisted spirally as the fibers of a rope. The rope-like (juality is especially 
clear in Figure ^ where the tip of the flagellum has frayed. 'Phis structure was 
not observed in the microscoi)e of Brown. Figure 8 shows the base of a flagellum 
which has broken away from the rest of the cell. These were not uncommon. 
The fibers api)ear to extend into the circttlar portion which is probably a part of 
the cell body, ft would be interesting to observe isolated portions of the cell 
membrane for long fibers. 

Long vS])acings were sought in the fibers. luilargement of the fiber showed 
none. However, cmly very excellent photographs at high magnifications and at 
perfect focus can be used for these determinations. In osmic acid fixed rat tail 
collagen we were able to observe the long spacings re])orted by wSchmitt, Hall and 
Jakus (1942). Half Jakus and Schmitt (1945) were able to demonstrate spac- 
ings in myosin only after treatment with either osmic acid or phosphotutigstic acid. 
Figure 10 is a high magnification of the flagellar fibers treated with osmic acid. 
The granulation seen in the fibers is very regular, and paired rows of granules 
appear to lie together. This is the only indication of a ])erio(licity which has been 
found in this work. It may be an artifact caused by precijiitated osmic acid 
enmeshed in the fibrils. Very careful additional work should be carried out in 
this direction. 


Discussion 

The agreement of the gross morphology of protozoans as rev(‘aled by electron 
microgniplis with that seen by light microscope studies suggests that additional 
information may be gained by the electron microscope. 'Pile dangcT of artifacts 
introduced by the necessary treatment for such observations can be ovm'come by 
careful studies of moridiological changes under dilT<Tent treatments and can b(‘ 
at least reduced to the level of that found in treatment preliminary to light micro- 
scoj)e examination. 'Phe use. of stains, in some cases siiecilic, wliich are suitable 
to the optics of the electron system luivS been attemi)led, ami will no doubt be 
developed to a sati.sfactory state, (Haylor, Ap])]eman, Sears and Clark (1945) 
state that the electron “stain” must differentially alter the densities of various proto- 
plasmic constituents.) The present day viewpoint of the necessity of knowledge of 
the specificity of a stain, and its action on well defined chemical constittients, ought 
to preserve the new field of electron microscopy from the array of sometimes mean- 
ingless colors now burdening light microscopy. 

Needless to say, there is real need for careful identification of the specimens 
examined. Such was not possible at the time of this work. 'Phe necessity for 
pure cultures in investigations such as these is evident. 
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Plate II 

Ki(»uki 6. Two nnidcntjficd flagellates after osmic acid fixation (ca. 4,500 X) 

KkiUrl 7. Osniic acid fixed ciliary flagellum, the shaft appears hollow (ca 17,000 X) 
Fit.URL 8 Fibrous flagellum broken away from the cell body (ca. 7,500 X) 

Fro URL 9, Fibrous flagellum showing tope-like anangemtnt of fibers (ca. 7,500 X). 
b'rGiTKK 10. High niagnificatjon f)f frayed fibrous flagellum after osmic acid fixation 
(15,000 X). 
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A inechmiisin tiagellar nitn'etneiit is suggested by the electron micrographs. 
The presence of fibrils in both types of flagella suggestwS that contraction and relaxa- 
tion occurs as it is believed to occur in the fibers of muscle and connective tissue, 
that is, by molecular rearraugenient. C\)ntraction of individual fibers, jiarticularly 
those arranged in the ro])e“like fashion seen in h'igure 0, could account for the 
sweeping vSjiiral movements observed in the living state. Tluu-e is an indication 
that the filirils of the fibrous type may extend into tin* cell body. Unilateral con- 
traction of those in the cell body could certainly account for a variety of movements. 
The cilia of the ciliary ty])e may function in either the original sweep or the recov- 
ery. They may also function in creating favorable currents in the water environ- 
ment. In Figure S the cilia appear to he an extension of the protoplasmic mem- 
hrane, and since no actual fibers can be oh.servcd within them, it may be that they 
serve to increase the sen.sory, absorptive or secretory surface of the cell. 

The fibrous constitution of certain of the flagella indicates a broad distribution 
of fibers throughout the animal kingdom, from these simple organi.sms uj) through 
the complexities of the highly developed mammals. Are the liber ty])es the same 
throughout the whole kingdom? Is collagen, for e.xaniple, present in all living 
animal forms, or does some other liber lake over its function in other species? 
Does the fiber form determine the fimcliou? Solution of these problems awaits 
further investigation and development of new' and improve<l lechniiiues. 

Summary 

Certain flagellated protozoa have been photographed by the electron microscope. 
Two well defined types of flagella have been observed, a fibrous type in which the 
individual fibers occur in a twisted rope-like arrangement, and a ciliary tyi)e on 
which are arranged numerous small cilia. The sliak of the ciliary type in some 
cases appears to consist of fibrils. These oliseiwations verify in part and augment 
the masterly work of Harley P. Hrown at 1'he (')hio Stale University. 
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Introduction 

The sea has long been looked upon as a realm of silence. That this view is 
no longer tenable has been abundantly demonstrated as a result of extensive inves- 
tigations with modern underwater sound detecting gear. These investigations, 
which during World War II became of grave importance because of submarine 
warfare and harbor defense, have shown that great stretches of numerous coastal 
areas are exceedingly noisy, periodically or perpetually, duc^ to marine animals. 
Conversely, the investigations also indicate that vast areas of the deej) ocean and 
of shallow water in higher latitudes are indeed notably silent. 

The most widespread by far of all the biological underwater noises now known 
to exist in the sea is a crisp, high frequency, crackling noise caused by snapping 
shrimp. Examples of these animals are shown in Figures 1 and 2. It was not, 
however, until the second world war that the extent and pervsistence of this strange 
noise was realized and its cause deteniiined. It has now become widely known as 
‘^shrimp noise*’ or ‘^crackle.** 

The present report is intended to discuss, mainly, the cause and extent of 
crackle and to present the biological implications that explain its persistence and 
geographical distribution. Full details of the spectrum of the sound will be dealt 
with in another report (Everest, Young, and Johnson, in press). * 

Early History of Shrimp Noisk 

Before discussing the recent investigations th 9 .t led to identification of crackle, 
it will be instructive to review briefly some of the early references that no doubt 
pertain to this noise phenomenon. 

1, Mariners operating small vessels in tropical waters have sometimes reported 
hearing strange crackling noises within the holds of their craft. I'lie most common 

♦Contributions from the Scripps Institution of Oceanography. New Scries, No. 335 . 

iThe work forming the basis of this report was done under contracts ()KMsr-30 and 
NObs-2074 respectively with the Office of Scientific Research and Development (Section 6,1 
NDRC) and the Bureau of Ships, Navy Department, while the authors were members of the 
staff of the University of California Division of War Research at the U. S. Navy Radio and 
Sound Laboratory, San Diego, California. The following organizations cooperated in the col- 
lection of much of the data upon which this report is based : Navy Department, especially the 
Bureau of Ships; Naval Ordnance Laboratory; the U. S. Navy Radio and Sound Laboratory 
(now the U. S. Navy Electronics Laboratory) ; the Scripps Institution of Oceanography; the 
Coast Guard; and the Columbia University Division of War Research. 
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explanation given was that the noise was caused by shipworms (teredos) working 
in the ship’s timbers, or that it was due to superficial fouling growths on the hull. 
It is now known that the crackle from nearby shrimp beds is audible through the 
hull and proba])ly forms the basis for these stories. 

2. T\\q U. S. Coast and Geodetic Survey encountered troublesome noises while 
enj^agcd in radio acoustic ranging oflf Oceanside, California in 1933-34. The sound 
was described as being similar to static crashes or to coal rolling down a metal chute. 
No explanation could be found for the noise, though efforts were made to correlate 
it with meteorological and hydrographic conditions, and with road traffic on a high- 
way adjacent to the coast (Comdr. O. W. Swainson, 1943, personal correspond- 
ence) . Subsequent surveys have demonstrated that shrimp crackle is conspicuous 
in the area where these observations were made, and is loud enough in some spots 
to be audible to the unaided ear above the surface during calm water. Dredgings, 
also, showed the animals to be present in the shale bottom, which is honey-combed 
by molluscan bores. 

3. A U. S. submarine operating in Macassar Strait off Balikpapan early in 
1942 circled an area from which a strange crackling noise was emanating. Lt. 
Comdr. W. D. Wilkins, in reporting this experience, suggested that *‘the Japs may 
have some newfangled gadget that they drop.” Snapping shrimp are common in 
the Balikpapan region and the type of bottom and depth of water off Balikpapan 
form a favorable habitat for them. Other reports from submarine officers strongly 
suggest that noises often encountered in coastal waters in lower latitudes are 
attributable to shrimp. 

4. wSounds were heard through the hull of a small vessel in Beaufort Harbor, 
N. C. and in calm water off Cape Hatteras (Hulbert, 1943). These sounds were 
described as similar to that produced by ‘‘dragging a blackberry vine.” No doubt 
they were produced also by snapping shrimp for these animals are abundant in 
Beaufort Harbor and are now known to be very noisy there. They also occur in 
offshore waters at Cape Hatteras (Hay and Shore, 1916). 

To summarize the aI)ove as well as other data, it is apparent from what is now 
known that the crackling noise has been attributed erroneously to various other 
phenomena. Some of these are (a) static crashes, (b) rolling pebbles, (c) surf, 
(d) volcanic or terrestrial disturbances, (e) shipworms working in a wooden hull, 
(f) superficial fouling on the hulls of ships, (g) noises due to expansion or con- 
traction of the ship’s strticture, and (h) clapping of oyster or clam shells. 

Tho, sharp “snap” produced individually by these shrimp when captured has 
long been known, and has often been heard during low tide in some areas. The 
sound has hitherto, however, been considered only a biological curiosity and not a 
source of significant underwater background noise. Biological sounds similar to 
shrimp noise will be discussed later, 

* Recent Investigations 

Early in 1942 investigations of underwater ambient noise were begun by the 
University of California Division of War Research in the San Diego region. From 
the beginning of field tests a characteristic crackling noise of great magnitude was 
observed. It was first encountered at various locations off Point Loma and in the 
San Diego Yacht Harbor, and was found later in coastal waters off La Jolla, Ocean- 
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side, and other places on the southern California coast. The origin of the noise 
was a profound mystery until the end of 1942 when the cause was finally determined. 

Identification of the noise was accomplished through lal')oratory tests of various 
animals and through field studies in many different hal)itats and over different 
populations. In the laboratory the animals were usually tested in large concrete 
tanks supplied with running sea water. Large public aquaria were also used. 

For the listening tests and the exploratory studies, a simple crystal hydrophone 
and battery operated amplifier system sufficed. The equipment used for sound 
spectrum measurement in the field consisted of a non-directional hydrophone, a 
sound analyzer which was capable of selecting the various frequency bands (usually 
SO-cycles wide or a half-octave), and a graphic level recorder. 

The sound emitted by an individual shrimp is a single sharp ‘‘snap’* or “crack” 
produced only occasionally. It is the combined snapping of the members of a 
large population that results in a continuous loud underwater crackle over or near 
shrimp beds. In the audible band the crackling sound is comparable to the ex- 
plosive noises produced by brisk burning of large quantities of dry twigs or frying 
of fat. Similar sounds can be heard by heterodyning ultrasonic bands in the 20-50 
kc region down to the audible range. With increasing distance from the source, 
the sounds merge into a sizzle and finally a hiss without distinct cracks. 

Sound spectrum analysis of crackle in the sea reveals that the shrimp noise has 
its strongest components in the higher frequencies. In contrast to .shrimp noise, 
the noise produced by fish (Loye and Proudfoot, 1946, and Dobrin, 1947) is made 
up of low frequency sounds and is markedly seasonal and diurnal. In normal 
“water noise” resulting from waves and streaming of water, the maximum energy 
is also in the low frequencies. Because of this, shrimp noise is easily distinguished 
from both fish noise and water noise. 

Figure 3 gives an idealized average of the sound spectra observed over shrimp 
beds in a variety of places. The ordinate for the sound measurements is sound 
pressure spectrum level.^ 

For comparison, the dashed curve shows the typical water noise observed in 
the deep sea, where there are no biological noises, for a state 1 sea.** This water 

2 Sound level is given as a ninnbcr of decibels (db) above some reference value which in 
the present work is a rool-inean-square sound pres.sure of 0.0002 <lyne/cin‘-, I'his reference 
pressure is commonly incorporated in the calibration of sound- measuring inslnimcnts, but is 
frequently not exi)licitly slated. As a consequence, the decibel ai)pcurs to t)e used with two 
mcaning.s: a unit for an absolute nicasnranciit (with a reference value stated or only under- 
stood) and a unit for the rclalion of two sounds. Jn this paper when a sound Intel is stated in 
decibels it is in the first sense ; the second sense is meant when a chanyc or difference is given 
in decibels. 

The decibel (db) is a logarithmic measure of power ratio (or ratio of pressure squared) 
such that a 100-fold increase in power (or 10-fold increase in pre.ssure) corre.sponds to 20 db. 
A doubling of power is an increase of 3 db. A doubling of sound pressure is an increase of 
6 db. The smallest change in noise readily perceptible to the car is of the order of 1 or 2 db. 

The noise being dealt with here is conceived to be comprised of a rather continuous dis- 
tribution of sound vibration frequencies. The words “pressure spectrum lever’ refer to the 
effective sound pressure level for that sound energy contained in a band 1 cycle per second 
wide centered at tlie frequency indicated, 

« The “sea” as used here refers to waves which arc still growing because of tlie wind, and 
as such represent an additional motion superimposed upon the swell. A state 1 sea corresponds 
to waves from crest to trough less than 30 cm. high. See Instructions to Marine Meteorological 
Observers. U. S. Weather Bureau No. 1221, June 1941, p, 54. 
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noi.se increases at all frequencies with increasing roughness of the sea. It is ap- 
parent that at the lower fre([uencies the ambient noise over a .shrimp bed is largely 
(letenninecl by the water noise found everywhere in the sea. However, above 2,000 
cycles per second shrimp noise completely overrides the usual water noise. Above 
](),0(X) cycles per second (10 kc) shrimp noise is some 30 dh above the noise of a 
state 1 sea. 1lie shrimj) noise in the region of lO to 20 kc exceeds the noise in 
a quiet sea by roughly the same amount as the audible noise in a factory exceeds 
the usual noise in a quiet residence without radio in operation. Because shrimp 
noise is greater than the water noise by such appreciable amounts, it is convenient 
to use an average spectrum level in the vicinity of lO kc in studying noise suspected 
of being caused by shrimp. An average of the levels at 3, 5, and 10 kc has been 
used for this purpose, and also an average at 10, 15, and 20 kc ; the latter has been 
arbitrarily selected for the present paper. 

Analyses were made, also, of single shrini]) snaps by taking oscillograms of 
the s<Huid from isolated identified specimens. The shrimp were placed in a gauze 
net within a rubber bucket filled with sea water. The whole assembly was lowered 
into a fresh water lake, then the net was drawn from the bucket by means of a 
cord. C'ontact with frcwsli water stimulated the shrimp to snap and photograjdas 
were made of the snap impulses shown on the oscillograph screen. ‘ The whole 
suaj) lasts about Va to 1 millisecond. Further details are to be found in the acousti- 
cal report (Everest, Young, John.son, in press). It is sufficient to note here 
mainly that the spectrum of a single snap, derived by a Fourier integral analysis, 
agrees qualitatively with the average spectrum over a shrimp bed. 

It is not possible to reproduce in the laboratory the extent of crackle heard over 
shrimp beds in nature, or to simulate the hiss heard at a distance from the bed. 
Therefore, corroborative evidence must come from correlated field observation and 
spectrum measurements as discussed later. 

The explanation of the local underwater sound mystery shed light on a nuuiber 
of (jualitative reports of the type discussed in the previous section. Ultimately, it 
made possible the prediction of this type of ambient noise in other areas. 

Sound .surveys made since 1942 in widely sefoarated areas along the East and 
West coasts of the United Slates from Key West to Chesapeake Ray and San 
Diego to Puget Sound, in the Rahamas, and in the Central and Southwest Pacific 
have confirmed the predicted, widesi)rea(l distribution of shrimp crackle in localities 
that are ecologically suitable for snapping shrimi), and its absence in other situations. 
In the following .section an explanation of the relationships is given. 

Tmk Riolooy ok Snapping Shrimp and Its Relation to Sound Levels 

nie geogx*aphic locations of noi.sy crackling areas in the sea and the stability 
of the sound in these areas are so closely bound to the snapping habit and to the 
living reciuirements of these animals that it is necessary to consider their biology 
in some detail in order to elucidate these problems. 

Biological relationships 

Technically, the snapping shrimp are related to the commercial shrimp, which 
they resemble in general appearance. In life habits and details of structure, how- 

^ The ussistance of T. F. Johnston and T, McMilUan in this phase of the work is grate- 
fully acknowU*<Iged. 
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ever, they are very unlike the common shrimp. The snapping shrimp family 
Crangonidae (Alpheidae, see Rathbun, 1904) comprises about 27 genera and 
numerous species. Of these only the species of two genera, viz., Crangon (also 
called Alplicus by many authors) and Symlpheus, are capable of vigorous snap- 
ping. In the literature there are recorded about 215 species of Crangon and ISO 
species of Synalphcus, Two species of these genera are shown in Figures 1 and 2. 



Figure 3 . Average ambient noise spectrum over shrimp bed. 


The snapping habit 

Studies of most species of these two genera have been based on preserved speci- 
mens ; consequently, the snapping has not been observed directly in many species. 
The claw structure, however, indicates that all the species do snap to some extent. 
The species range in size from about 2 aii. to a giant species, C. strenuus, attain- 
ing a length of 8 cm., but it is clear that size is not necessarily correlated with the 
noise produced. The few direct sound measurements available of isolated speci- 
mens indicate, for example, that Synalpheus lockingtoni may produce a louder snap 
than its larger relative Crangon dentipes. The average peak pressure level of 
Crangon for a distance of a meter was 115 db above 0.0002 dyne/cm.®; whereas it 
was about 124 db for Synalpheus. While the difference may be real, the present 
observations are too few, and the spread too great, to confirm this. 

The habit of snapping is associated with defensive and offensive activities. 
In closing the snapping claw, a vigorous jet of water is produced by means of a 
plunger arrangement described below. This sudden gush of water serves to 
frighten away enemies approaching too near. The antagonist may also be driven 
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not of sound, but of the water jet mentioned above. It may aid, also, in preventing 
dislocation of the finger when it is violently snapped. 

The plunger-socket device is present in both Crangon and Synalpheus. In all 
species of Crangon, there is also a “sucking* disc on the outer side of the finger 
near its point of attachment (Fig. 4a). When the finger is fully raised, this disc 
contacts precisely a similar disc on the palm so that the two are firmly in contact 
when the finger is in position to snap. These suckers serve as a trigger to hold the 
finger Ijack, and extra muscular tension must be exerted in breaking the contact. 
This in turn increases the force of the impact. The suckers are absent in 
Synalpheus, l)ut in the same relative position there are smooth surfaces that contact 
perfectly. These surfaces probably serve the same purpose as the suckers. That 
the suckers on the claw of Crangon do serve as a restraining trigger is readily 
demonstrated. When the finger of a dead specimen is forced back to its fullest 
extent, it is held there so firmly that some force is needed to break the contact. 
This was demonstrated even in a specimen that had been preserved in formaldehyde 
for several months. 

The precise way in which the sound is produced is still a matter of some doubt. 
The best explanation appears to be that the sound is produced by impact as the 
movable finger strikes a glancing blow on the opposing tip of the thumb. The 
tips of these structures are either very heavily calcified as in many species of 
Crangon, or are tii)ped with a heavy formation of chitin as in Synalpheus locking- 
toni. 

In a painstaking investigation of Crangon dcnfipes and Synalpheus laevimanus 
of the Mediterranean, Volz (1938) found a small chitinous ridge at the inner upper 
margin and back wall of the socket. This ridge, he concluded, is part of a breaking 
device which incidentally aids in producing the sound when it is struck by the 
plunger as it forcibly enters the socket. 

It is of passing interest to note that the snapping claw may be either right or 
left; if it is lost through injury the inconvenience is only temporary, because a new 
one is promptly grown in the first or second moulting when the shrimp sheds its 
old shell. In this process of renewal, however, the original lai'ge claw is replaced 
by a small one, while the fonner small pinching claw is enlarged and becomes the 
new snapping claw (Wikson, 1903). 

Type of habitat and crackling areas 

The species of Crangon and Synalpheus are bottom-living animals living mainly 
below zero tide level and, though capable of swimming, they rarely do so in the 
adult stage'. They are notably secretive and demand ready-made or easily main- 
tained burrows. Hence, they seek concealment in crevices and holes provided by 
coral, stones, shells, calcareous algae, and other solid objects. It has been demon- 
strated repeatedly by collectors that they live preponderantly on these bottom types. 
This habit renders collecting very difficult in most instances, especially when a 
dredge must be used. Hence the animals are far more abundant than generally 
realized. 

In the East Indies they are especially fond of bottoms covered by the calcareous 
alga Lithotharnnion (de Man, 1916). They commonly live among the roots of eel 
grass and holdfasts of seaweeds and among mussels, barnacles, and other substantial 
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fouling organisms on wharf piles, etc. Some live in the channels and pores of 
living sponges. In many of these situations there can be heard a continuous 
fusillade of snapping. Where sound measurements have been made at old heavily- 
fouled piers, the spectrum level in the region of 3 to 10 kc has reached about 60 db 
above 0.0002 dyne/cm“. 



Figure S. Locations of series of stations occupied for sound level xneasttrements across 
areas ecologically favorable to snapping shrimp. The number adjacent to each station is the 
average of the 10, 15, and 20 kc spectrum levels. 

Snapping shrimp do not nonnally live in any significant nnmber.s on extensive 
sand or mud bottoms without some sheltering materials, ffowever, some species 
(for example, Crangon calif orniensis) , tolerate muddy conditions among eel grass, 
etc., and have been dredged with mud, particularly in harbors littered with solid 
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debris. Crackling is intensive in some of these situations. A European species, 
Crangon ruber, is said to be “not uncommon” on the mud bottom off Ram’s Head 
near Plymouth, England and in the Mediterranean. No information is available 
regarding the underwater sound produced by this species. 

The way in which the crackling noise increases over a habitat favorable to 
shrimp is indicated by Figures 5 and 6. Figure 5 shows some of the stations in 



DISTANCE IN THOUSANDS OF YARDS 

FKiijRK 6, Prufilcs of l)otlom at stations occtipied in Figure S sliowing spectrum levels across 

shrimp twls. 

the San Diego arwi at which sound siwctnun nica.surcmcnts were made under care- 
ful control. The number adjact'ut to each station is the average of the 10, IS, and 
20 kc .sixictnim levels. Water depths may be estimated from the depth contours. 
The bottom character here i.s well established.® There is a clearly defined stretch 
of shale which is well honey-combed by abandoned mollttsk borings in which the 
shrimp find retreats. Continuous with the shale is a less regular stretch of cobbles. 
Nearby is an isolated patch of Imlders, Dredgings reveal all these to be popu- 
lated by shrimp in contrast to dredgings from the surrounding sand-mud and sandy 
areas of comparable depths. 

® The assistance of Dr. F. P. Shepard in tlicse studies is gratefully acknowletlged. 
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The sound levels between the cobbles and boulders are higher than would be 
expected over sand, but this apparently results from a combination of sound trans- 
mitted from both areas since the positions are well within the sound range of both. 

Specific traverses are indicated by AA\ BB\ CC\ DD' in Figure 5. The cor- 
responding depth profiles (use left-hand scale) are given in Figure 6 along with 
the average 10, IS, 20 kc spectrum level (right-hand scale) at each station. 

These show how markedly the sound, in the frequency range 10-20 kc, rises 
in passing over the shrimp habitats. During low sea states, the transmitted 
shrimp sound is appreciable to a distance of over a mile from the boundary of 
the bed. 

Similar sound spectrum measurements were made at numerous shallow and 
deep water stations at widely scattered localities on the east Pacific coast, among 
the Pacific Islands ® and along the west Atlantic coast and the Bahamas.*^ A typical 
set of observations, from six stations off Barbers Point, Oahu Island, is given in 
Figure 7. The coral, algae, and shell bottom extends into deep water, yet the 
sound level falls off rapidly in depths greater than 30 fathoms, despite a bottom 
type favorable to shrimp. At the outermost station the shrimp noise presumably • 
merged with the normal ambient water noise. 

An average 10, IS, 20 kc spectrum level -of 30 db was arbitrarily chosen as a 
dividing point for sorting the observations, values greater than this being desig- 
nated “high’’ and those less as “low.” When the data from both the Pacific and 
Atlantic were studied with regard to bottom type, it was found that within 0-30 
fathoms about 80 per cent of the “high” levels were observed over bottom types 
favorable to shrimp. In contrast, about 90 per cent of the “low” sound levels 
(below 30 db) for this depth zone were over unfavorable bottom. In view of the 
difficulty of establishing precisely die character of the bottom over considerable 
areas, this correlation is surprisingly good. 

Depth distribution 

Data on hauls of snapping shrimp, taken at various depths, are scattered widely 
throughout the biological literature (de Man, 1916). Table I shows how 185 


Table I 

Distribution of 185 species of Crangon and Synalpheus reported from 5 depth zones 


Bottom deptli 
zone 

Number of times 
shrimp reported 

Number of 
species 

0-30 fathoms 

418 

171 

30-70 

101 

59 

70-100 

5 

4 

100-250 

14 

9 

Over 250 

7 

4 


species of Crangon and Symlphens have been reported as occurring in five depth 
zones. The table includes only trawling and dredging collections from the bottom. 

« Many of these field data were collected by W. E. Loomis of the Naval Ordnance Labora- 
tory during a survey in cooperation with that organization. 

^ These observations were made in cooperation with the Columbia University Division of 
War Research, Bureau of Ordnance and the Naval Ordnance Laboratory. 
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While most of the species are reported in 0-30 fathom water, it cannot be 
concluded that Table I gives the actual distribution, since it is not possible to 
know precisely how uniform the effort and efficiency of collecting have been in 
various zones. Presumably, it has been roughly comparable with respect to the 
number of hauls in the first two zones. This is supported by a summary of 3,483 
hauls by various expeditions that have contributed to the study of these animals. 
Among these expeditions are especially those of the USS “Albatross’* (1883- 
1911), the “Siboga” (1899-1900), the “Percy Sladen** (1905), and the ‘^ohn 
Murray** (1933-1934). An analysis shows that 17 per cent and 20 per cent of 
the hauls were taken respectively in the 0-30 fm. and 30-70 fm. zones. The re- 
mainder were in deeper water. Thus the table gives a fair idea of the depth 
distribution and indicates that the largest populations are in the 0-30 fathom zone. 

Acoustic data support this belief, for in water deeper than 30 fathoms the sound 
levels are low (except where sound is transmitted from nearby shrimp beds), even 
though the bottom type is favorable for shrimp, as in Figure 7. It is probable 


STATIONS 



Figure 7. Sound observations from Barbers Pt., Oahu showing drop in spectrum level 
with depth of vrater and distance from shallow (less than 30 fm.) areas favorable to snapping 
shrimp. 

that the deeper ranging species have their maximum concentration in depths less 
than 30 fathoms, and that the typically deep water forms do not occur in sufficient 
concentrations to produce a continuous crackle like that heard in shallow water. 

Lije history and its hearing on continuity of crackle 

The bedlam of crackling noise over a shrimp bed is never ending. This con- 
tinuity is correlated with the life history and stability of shrimp populations. The 
fertilized eggs of snapping shrimp are carried by the adult female until they hatch 
as free-swimming la^ae about 4 mm. in length. After a period of drifting with 
the water currents, the larvae settle to the bottom and assume the structural char- 
acteristics and habits of the adults. No snapping is possible until this time. The 
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free-floating period serves to disperse the animals widely and they thrive after 
settling to the bottom where living conditions are favorable for adults. From 
what is known of a few species, there appears to be a long breeding season in low 
latitude waters. Gravid specimens have been found in all seasons at La Jolla. 
Near the higher latitudes the breeding season is probably shorter. 

The duration of life of the individual is not known, but adults collected at La 
Jolla, California, in December 1942, and January 1943, were still thriving in an 
aquarium after twenty-two months of captivity. These facts are mentioned be- 
cause the maintenance of overlapping generations is, no doubt, important in ex- 
plaining the seasonal continuity of the crackling sound. A short breeding season 
and a short span of life would result in a considerable variation of the adult 
population and this, in turn, would be expected to cause an appreciable seasonal 
variation in shrimp noises. No seasonal variation of this nature has yet been 
noticed. 

Observations have not revealed any swarming or migratory movements such 
as characterize many other marine animals during the breeding season, and this, 
too, is correlated with the small fluctuations in sound level. 

The snapping shrimp are gregarious to the extent that large numbers of a given 
species are found Either in pairs or as solitary specimens in isolated retreats within 
the area. The occupants of these retreats make a noisy protest when an intruder 
approaches. Specimens have been observed to leave their burrows for short 
journeys in search of food, especially at night, but those under observation always 
returned to their respective retreats. These retreats in some instances were oc- 
cupied steadily by the same specimen for several months. Crangon californiensis 
showed a much stronger tendency to desert its burrow than did other local species 
observed. 

There is a small diurnal variation in shrimp noise. At night the levels are 2 
to 5 db higher than in the daytime. In addition, there is a slight peak in the 
noise level shortly before sunrise and after sunset. The effect is caused, probably, 
by increased activity of the shrimp at these times. In the laboratory tanks the 
shrimp appear to increase their search for food at night. This is also a well- 
known behavior among many other marine animals. Thus, the overall increased 
activity would lead to more irritation and more snapping. 

It should be noted that an increase in sound level of 3 db actually represents a 
two-fold increase in shrimp activity. 

Observations made so far have indicated no appreciable seasonal variation in 
shrimp noises. This is in agreement with the known stability of the adult popu- 
lation discussed above. This result may not apply near the edge of the shrimp 
belt, however, or at unusual localities inside the belt having large seasonal varia- 
tions in water temperature. 

Geographical range oj shrimp correlated with distribution of crackle 

The species of Crangon and Synalpheus are confined to coastal or shallow 
water throughout the tropical and subtropical regions. This type of distribution 
is, no doubt, governed by water temperature, but precisely how this operates is 
not yet dear. In general, the 11° C. winter surface isotherm marks the approxi- 
mate northern and southern limits of their continuous range (Fig. 8) . In Figure 
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8 this range is represented by the shaded area. The thermal control of distribu- 
tion must, however, be a complex one. It is not accomplished simply by the 
temperatures falling to or below this level during the winter. Certain critical 
periods of life such as spawning and larval development appear to require a con- 
siderable period of wanner temperatures, near or above 17° C. during the summer. 
The isolated populations lying outside of the 11° C. isotherms are probably gov- 
erned by favorable local conditions. Examples of this sort are seen at the north 
end of Honshu, near Vladivostok, and along the coast of Ireland. A comprehen- 
sive study of the literature giving the localities where snapping shrimp have been 
collected one or more times, shows them to be present in all tropical and subtropical 
locations where extensive surveys for Crustacea have been made. In the strictly 
tropical and subtropical waters, the distribution of shrimp is believed, therefore, 
to be continuous within the areas where depth and type of bottom are favorable. 
This agrees with the available* acoustic data from sound surveys made in various 
parts of the world. 

There is but little quantitative information on geographical distribution. The 
animals are, as a rule, difficult to collect in representative numbers because of their 
habits of seeking retreats in hollows and crannies of rock, coral, etc. It seems 
clear, however, that the greatest number of individuals as well as species occur in 
tropical waters among coral and other reef organisms. The northern and southern 
boundaries of continuous distribution along the open coast are, no doubt, transition 
zones in which the populations become progressively sparser, but how wide these 
zones are is not known. However, the animals are known to be quite abundant 
at Beaufort, N. C. and at Monterey Bay, California, and listening tests in these 
areas reveal shrimp crackle to be pronounced, though spectrum measurements are 
not available. The region between Cape Lookout and Wimble Shoals on the 
east coast and the region of San Francisco on the west coast represent the border 
of distribution (Hay and Shore, 1916; Schmitt, 1921). Sparse crackle has been 
heard in these regions, but sound measurements fail to show the characteristic 
spectra of shrimp noises. Acoustically, there must be a certain minimum concen- 
tration of shrimp in a given area before the snapping sound can materially influence 
the reading of instruments which require an appreciable time to respond. Sound 
measurements from latitude 9° S. to 33° N. indicate about the same levels over 
shrimp beds irrespective of latitude. 

Biological Sounds Similar to Shrimp Noise 

Among the known animals producing noises that may be confused with shrimp 
crackle or that may in a minor way contribute to the ambient noise are the 
following : 

Gonodactyliis oerstedii (and no doubt other species of this genus), a crustacean 
generally known as “mantis shrimp” or “squillid,” makes a clicking sound when 
striking out with its claws. Like the snapping shrimp, this animal has a wide 
tropical distribution and lives in similar habitats. 

At least two species of the Coralliocars shrimp, C. graminea and C. wilsoni, 
are capable of snapping by means of a structure similar to that used by regular 
snapping shrimp. They are not known to be abundant and apparently have a 
geographic and habitat range falling within that of the snapping shrimp. 
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Typton spongicola of the Mediterranean and Ponfonia pinnae of East Africa 
are species of Crustacea said to be capable of snapping. They are not considered 
numerous. 

The larger crabs such as Cancer and Portiinits have been observed to make 
noises sounding like the individual crack produced by Crangon and SynalphenSr 
but the noise is incidental to the cracking of brittle shells of small clams, etc., for 
the food within the shell. Crackling from this source can, of course, be present 
only as long as shell food is being eaten. Other animals, including fishes, which 
occasionally crack shells for food would also fall into this category of incidental 
noise makers. To produce the volume of crackling that occurs continuously over 
shrimp beds would, however, very quickly exhaust all available shells. Hence 
cracking of shells is believed to be a very small contribution to the ambient noise. 

The trigger fish is said to be capable of making a clicking sound by means of 
the joints of some of the fin spines ; the mackerel by means of its phar}Tigeal teeth. 

Populations of barnacles produce very weak crackling sounds, barely audible 
at very close range. Barnacles and perhaps other larger Crustacea (preening their 
shells or feeding) appear to be the main cause of these very faint noises sometimes 
heard when the hydrophone is within a few feet of the shore in quiet waters north 
of the geographic range of snapping shrimp. 

In the Hawaiian area, a very troublesome raucous noise with a sharp high 
peak at 3 kc has been encountered. This has been called “evening noise” in view 
of its regular occurrence each evening between about 7:30 and 10:00 P.M. In 
one harbor, this caused a 10 db rise in overall level of the ambient noise during 
the evening hours. The origin of the noise was not determined, but the possi- 
bility of its being somehow associated with increased shrimp activity at a distant 
bed in the evening has been suggested. However, an obvious difference in char- 
acter between shrimp noise and “evening noise” militates against this explanation. 

Conclusions 

1 . The sea is far more noisy, as a result of biological noises, than was commonly 
believed. 

2. The most widespread of the biological underwater sounds is a continuous 
high frequency crackle caused by snapping shrimp {Crangon and SynalpJieiis), 
The continuity of high magnitude sound produced by populations of these animals 
appears to have no counterpart in biological nature. 

3. All shallow water areas (0-30 fathoms) within the geographical range of 
Crangon and Synalphens and with bottom conditions and temperatures favorable 
to these animals are likely to be noisy. 

4. The strongest components of shrimp noise are in the frequency range 2 
to 15 kc. 

5. The sound levels over snapping shrimp beds are usually 30 db higher than 
state 1 se 5 L noise. 

LITERATURE CITED 

Brooks, W. K., ano F. H. Herrick, 1891. The embryology and metamorphosis of the Macrura. 
Mem, Nat Acad. Sci Washington, 5 : 321-576. 

CouTi&RE, Henri, 1899. Les “Alpheidae,” morphologic externe et interne, formes larvaires,. 
bionomie. Ann. Sci. Nat, Zoot, 9 : 1-559. 



138 MARTIN W. JOHNSON, F. ALTON EVEREST, AND ROBERT W. YOUNG 


Dobrin, M. B., 1947. Measurement of undenvater noise produced by marine life. Science, 
105 (2714) : 19-22. 

Everest, F. A., R. W. Young, and M. W. Johnson. Acoustical characteristics of noise pro- 
duced by snapping shrimp. Jour, Aeons, Soc. Amcr, (in press). 

Hay, W. P., and C. A. Shore, 1915-16. The decapod crustaceans of Beaufort, N. C, and 
surrounding region. Bull, U, S, Bur. of Fisheries, 35: 371-475, 

Hulburt, E. 0,, 1943. An underwater sound of natural origin. Jour. Acous, Soc. Amer., 
14 (3) : 173-174. 

Loye, D. P., and D. a. Proudfoot, 1946. Underwater noise due to marine life. Jour, Acous, 
Soc. Amer., 18 (2) : 446-449. 

DE Man, J. G., 1916. Decapoda of the Siboga expedition. Siboga Expedition, 19, Part 2: 
133-465, 

Rathbun, M. J., 1904. Some changes in crustacean nomenclature. Proc. Biol, Soc, Wash- 
ington, 17 : 169-172. 

Schmitt, Waldo L., 1921. The marine decapod Crustacea of California. U^iiv. of Calif, Pub. 
in Zoology, 23 : 1-470. 

Volz, Peter, 1938. Studien iiber das “Knallen” der Alpheiden, nach Untersuchungen an 
Alpheus dentipes Gueren und Synalpheus laevimanus (Heller). Zeitsch. Morph, u, 
Okol. Tier., 34 (2) : 272-316. 

Wilson, E. B., 1903. Notes on the reversal of asymmetry in the regeneration of the chelae in 
Alpheus heterochaelis. Biol, Bull., 4 (4) : 197-210. 

Wood-Mason, J., 1878. Stridulating crustaceans. Nature, 18: 53. 



BEHAVIOR OF THE CELL SURFACE DURING CLEAVAGE. VII. 
ON THE DIVISION MECHANISM OF CELLS WITH 
EXCENTRIC NUCLEI 


KATSUMA DAN AND JEAN CLARK DAN 

Misaki Marine Biological Station, Misaki, Kanagawa-ken and Zoology Department, Faculty of 
Science, Tokyo Imperial University, Tokyo 

The conventional diagram of a typical cell shows the nucleus in a central location, 
but actually in many cases the nucleus does not occupy the exact geometrical center 
of the cell. The present paper deals with the mode of division of cells with excentric 
nuclei, especially in connection with the general theory of the mechanism of cell divi- 
sion proposed in a previous paper of this series (Dan, K., 1943b). 

Review of the Proposed Theory 

The salient features of the theory are as follows: (1) The asters of sea-urchin 
eggs are spiny spheres with numerous gel rays radiating out in all directions. (2) 
Qeavage is brought about as a result of the pushing apart of two such radiate spheres 
by the autonomous elongation of the spindle (Fig. 1). Applying this concept, a 
cdl in the resting stage can be regarded as a mass of fluid cytoplasm contained in 
a gelated cortex. When two radiate gel spheres which have developed and reached 
their maximal size within this fluid cjrtoplasm are pushed apart by the spindle, 
the original fluid mass will be divided into two portions which are surrounded ex- 
ternally by the cortex and supported internally by the spiny spheres (Fig. 1). Ob- 
servations on adhering kaolin particles have shown that the surface of the furrow 
expands during the latter half of the division process (Dan, Yanagita and Sugiyama, 
1937; Dan, Dan and Yanagita, 1938), We can account for this expansion phase 
if we visualize a definite amount of fluid cytoplasm being divided by the above mech- 
anism. As the asters are pushed apart, the cortical layer covering the cleavage 
furrow will be sucked in between them and will show a linear stretching along the 
sides of the furrow. But actual observations have also shown that, at the beginm’ng 
of the cleavage process, before the expansion phase, the furrow surface undergoes a 
phase of shrinkage. This initial shrinkage phase may be explained by two more de- 
tails of the division process. (3) The astral rays cross at the future cleavage plane 
(Fig. 1, Stage 2), and (4) the rays are anchored to the cortex of the cell. As was 
fully discussed in the previous paper (Dan, K., 1943b), the rays exert a traction 
effect upon the cortex of the egg and this effect causes the initial shrinkage, whereas 
the later expansion of the furrow surface is due to the suction effect mentioned 
above. Let us consider this more fully. If the underlying spindle elongates while 
the tips of the individual rays are attaching to the cortex, the loci along which the 
tips of the crossing rays will move are practically the same as the loci of the apices 
of triangles made by the crossing rays, the spindle (i.e., the base of the triangle) 
and a line connecting the tip of each ray with the astral center of the opposite blasto- 
mere. Such loci form a curve directed toward the base line and gradually approach- 
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Figure 1. Division of the eggs of Cerebratulus lacteus* Reproduction of Yatsu's Text 
Figure C. Legends from Yatsu. “Five stages of the first cleavage, X 400. 1. Anaphase of the 
first cleavage mitosis. Crossing of rays, and the position of the spindle. Difference in distance 
between two centrioles at either end. 2. Telophase of the first cleavage mitosis. The centro- 
some has enlarged and been bent downwards. The crossing of rays has begun to loosen. A 
faint indication of fountain figure is seen at the pole regions. 3. Telophase; a vertical section 
through the poles and a centriole. Constriction has begun on both the animal and vegetative 
sides. Sheath spindle has been formed. Fountain figures at the poles of the spindle have be- 
come more distinct. 4, Tdophase, a horizontal section through three centrioles (about the 
same stage as 3). Sheath spindle is very well formed. Centrosome has greatly enlarged. The 
distance between the rows of karyomeres is approximately the same as the original length of the 
spindle, 5. Late telophase (a vertical section). Sheath rays have been formed. Fountain 
figure in the equatorial rays.** 
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ing a vertical line bisecting the base (Fig. 2). As the triangles become less equi- 
lateral the curve becomes greater. On the contrary, if two astral rays meet ex- 
actly on the median plane an equilateral triangle is obtained and the locus of the apex 
coincides with the vertical line bisecting the base. Seven such loci are shown in 
Figure 2. As an example, if a pair of symmetrically crossing rays is considered, 
two unequilateral triangles which are mutually mirror images are obtained and their 
apices will converge toward the mid-line as the spindle elongates. This means that 
the surface included between the apices will be made to shrink. The situation is 



Figure 2. Loci of seven pairs of rays which meet end to end and which are attached to the 
cortex when the spindle elongates. The lower half of the figure shows the positions of the 
tips of the rays for seven different lengths of the spindle such as are indicated on the horizontal 
line. The upper half shows the same groups of points in terms of the surface. Notice that the 
rate of shrinkage of the surface is fast in the beginning and slow later, while the rate of the 
inward shift of the surface is slow at the beginning and fast toward the end. Note also that 
the wider the range of crossing of the rays, the greater is the rate of shrinkage. The inner- 
most position of the surface (S7S7) indicates that a complete division of the cell cannot be 
achieved by this mechanism alone. 


most clearly demonstrated by an experimental model, shown in Figure 3. Since 
both the traction effect of the astral rays and the suction effect in the cortical layer 
of the furrow are equally direct results of spindle elongation, there is no contradic- 
tion of the statement made under (2). 

Finally it must be considered how and when the traction effect is relayed over to 
the suction effect. To explain this another feature of the division figure must be 
examined. (5) A fountain-figured bending of the polar rays takes place (Fig. 1, 
Stages 3 and 4). If the rays were rigid and not pliable, as soon as the spindle 
elongated the suction effect would be felt at the cleavage plane and there would be 
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no time for the traction effect to play its role. But actually tlie rays are pliable. 
Therefore when the spindle elongates and pushes the asters against the polar sur- 
faces, the rays yield to the pressure and bend in a fountain figure. By this bending 
of the rays, the spindle elongation is not transmitted directly to the cell contour but 
is buffered. Once the bending of tlie polar rays reaches the maximal degree, how- 
ever, further lengthening of the spindle brings about the suction effect. Thus, even 
though the dynamic cause of cell division is single — ^namely, the spindle elongation — 
its effect on the cell surface involves two factors which come into play in succes- 



Figure 3. A model imitating the initial shrinkage phase of a cell with a central spmdle. 
Astral centers are represented by wooden wheels in which bamboo rods are firmly planted imi- 
tating astral rays, which, in turn, are tied to a rubber band simulating the cell membrane. A 
wooden bar which represents the spindle is also firmly fixed to each wheel, the bars from the 
two wheels overlapping in the spherical condition (A ) . The bars have small holes along their 
lengths so that they can be fixed in any desired length by putting a pin through these holes 
(S). In B, note (1) the flattening of the furrow regions, (2) the shrinkage of the furrow sur- 
face, (3) fountain-figured bending of the polar rays and (4) consequent stretching of the polar 
surface Note also that (5) the spindle is straight after the elongation. 

sion. It may be pointed out in passing that the fountain-figured bending of the polar 
rays theoretically ought to bring about an expansion of the overlying surface (polar 
surface). As a matter of fact, the polar surface does expand from the beginning of 
the cleavage process, in contradistinction to the furrow surface. 

Theoretical Consideration of the Division Mechanism of Cells with 

Excentric Nuclei 

Returning to the division of cells with excentric nuclei, one might say that there 
are only two known facts which are widely accepted today. One is that the mitotic 
figures resulting from excentric nuclei are also situated excentrically in the cells. 
The other is that the cleavage furrow appears first at the side of the cell nearest to 
the excentric mitotic figure, later spreads around the two sides and finally com- 
pletes its circuit at the opposite side of the cell from that at which it was first formed 
(Ziegler, 1898). 
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In order to repeat the observations, the authors used the eggs of the sand-dollar, 
Astriclypeus manni. In these eggs the mitotic figures are excentric toward the 
animal pole, and the furrow starts to appear from there. The astral rays are much 
better defined than in other forms. They are clearly seen crossing all along the 
median plane despite the fact that the rays going to the animal hemisphere are 
shorter than those distributed in the vegetal hemisphere. When the cell bodies be- 
gin to elongate for cleavage, the polar fountain figures of the rays are also seen 
quite definitely. Let us see if these division features of an excentric egg can be 
harmonized with the concepts of the proposed theory. 

In the first place it might be anticipated that the furrow would appear earlier at 
the side nearer the mitotic figure (the animal pole in Astriclypeus) ^ because, during 
the initial stage of cleavage when the rays are crossing, for a given elongation of 
the spindle the tips of the shorter rays would be pulled in more than those of the 
longer rays. Later, after the crossing of the rays is dissociated, a wider gap would 
form between the parts of the asters with shorter rays than between those with 
longer rays, resulting in a deeper furrow in the region of the shorter rays. So far 
the concepts are quite adequate, although they were originated to explain the division 
of eggs with centrally located nuclei. Let us repeat them : The asters are spiny gel 
spheres and cleavage is the consequence of their separation by the elongation of the 
spindle. 

There is, however, a contradiction. For if an excentric spindle simply elongates 
in the ordinary fashion, even though the furrow forms earlier on the side where the 
rays are shorter, by the time cleavage is nearly completed the blastomeres ought to 
assume the shape shown in Figure 4. Since this never happens in actual cleavage, 
some other factor must be operating. 



Figure 4. The probable shape of the blastomeres if an excentric spindle should simply elongate 

without bending. 

Perhaps another model, this time one with the spindle and astral centers located 
above the middle of the egg, will help to explain tiiis factor (Fig. 5, A), If the 
asters are pushed apart and their positions fixed by putting a pin through the holes 
in the bars representing the spindle, these automatically form an angle (Fig. 5, 5). 
Since no special rotatii^ force is beii^ applied under this circumstance, the flex- 
ion of the “spindle” must be the direct result of the simple separation of the “asters.” 
If this model experiment conveys a correct picture, it leads directly to the suggestion 
that the spindle may be bending during the cleavage of Astriclypens eggs. 

In the model, the mechanical force causing the flexion of the bars is very easy 
to understand. The tips of the rays (bamboo rods) are attached to the cortex 
(rubber band). Therefore, when the astral centers are pushed away from each 
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other by a given distance, the tips of the rays are left behind by that distance in 
relation to the astral centers. Under such a circumstance, the shorter rays have to 
rotate through larger angles than the longer rays in order to cover the shifted dis- 
tance. This difference between the rotating angles of the rays of the two sides 
will work, in the net result, so as to rotate the whole aster in the direction of the 
shorter rays, provided that the aster is rigid and can maintain a constant shape. 
In the model, these rotations naturally force the two bars, each attaching to one 
“aster,” to make an angle between them. 



Figure 5. A model similar to that shown in Figure 3, except that the spindle and the 
astral centers are made excentric (A). In B, after separating the astral centers and fixing their 
positions by putting a pin through the holes in the bars, note the following points: (1) The 
fountain figure of the polar rays is obscured and the majority of the rays turn in the same 
direction in a vortex configuration (compare with Fig. 3B). (2) The innermost pair of the 

crossing rays at the upper pole is practically straight while that of the lower pole is clearly 
bending and finally (3) the spindle is flexed in the middle. 

t 

The model, however, still cannot imitate the expansion phase, because, being 
two-dimensional, it cannot take care of the factor of the constancy of the cell volume. 
But, a priori, since the furrow surface is sucked into the gap between the two asters 
in the expansion stage, the rotation effect will be more emphasized : viz., during the 
expansion phase of actual cell cleavage, the spindle will bend more acutely, to such 
an extent that it will even tend to tear open the vegetal region, forming the furrow. 
It must be pointed out here that in order to allow the free rotation of the two asters 
around their excentric centers, the volume of the cells would have to be increased, 
as can be judged from Figure 6. If the volume of the cell were kept constant, the 
rotation of absolutely rigid asters would be impossible. The fountain-figured bend- 
ing of the polar rays is also quite significant in this connection, as it makes possible 
astral rotation within cytoplasm of a constant volume. 


Spindle Bending in Astriclypeus Eggs 

The next step was to determine whether the spindle is actually bending in the 
Astriclypeus eggs. Even a hasty examination was enough to confirm this fact. 
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On further investigation, it came to the authors’ notice that though the degree of 
excentricity of the mitotic figure is fairly constant within a single batch of eggs, it 
varies somewhat among different batches, and the acuteness of the spindle bending 
is proportional to the degree of its excentricity. In speaking about the degree of 
excentricity, in order that the statement be accurate, the eggs must be observed 
strictly from the side.^ Naturally, the cases with extremely excentric spindles are 
most convenient for analysis. In Figure 7 are given tracings of micro-photographs 
showing the mode of cleavage and the conditions of ray bending. Purposely, in the 
first and tlie last drawings of Figure 7, eggs with less excentric spindles are shown, 
while the second to the sixth are successive stages in the cleavage of a single egg 
with an extremely excentric spindle. In diagrammatization, however, the results 
of many other observations were taken into consideration. 



Figure 6. The h 3 rpothetical result of the simple rotation of asters around their excentric 
centers, as the result of the shrinkage of the upper pole. Notice tlie opening of the lower side 
accompanied by the stretching of the surface there and the bulging of the lower contour. In 
the actual cell division, such a perfectly free rotation is prevented because the cell volume is 
kept constant. But the rotation is allowed within a limit corresponding to the degree of bend- 
ing of the polar rays. 

In the first drawing, as far as could be judged from observation on living ma- 
terial and photographs, the astral rays and the spindle are both straight. (Re- 
member that this is a case with less excentric spindle.) Theoretically, in this stage, 
the rotation of the aster must have begun, but this could not be ascertained, pre- 
sumably because of its slightness. In the second drawing (an extreme case), the 
animal furrow is decidedly in the expansion phase. At this stage, two fan-shaped 
areas appear, one on each side of die cleavage furrow, in which the rays seem to be 
fewer than in other parts so that tliese regions are slightly more transparent and 

1 In order to obtain a strict side view of an egg, one takes advantage of the fact that the 
spindle excentricity is exceedingly constant within one batch. On surveying a culture of eggs 
with a medium magnification, one can easily get the idea of the maximum excentricity of the 
spindle as far as that particular batch is concerned. Such maximal cases must represent a full 
side view of the egg. 
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Figure 7. Tracings of micro-photographs of Asiriclypeus eggs showing the changes 

of curvature of the astral rays in successive stages. The first drawing is made from an egg of 
a different source but the second to the sixth drawings belong to a series of photographs of a 
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relatively bright. Since the authors were at first skeptical about this fact, special 
attention was paid to this point, but numerous observations only served to confirm 
it. According to the authors’ interpretation, the appearance of the fan-shaped area 
is probably due to the fact that as the furrow begins to be drawn in by the suction 
effect, the formerly crossing rays are caught by the furrow constriction. Then in 
the fan-shaped portion just behind the furrow tip, the rays will become relatively 
sparse. This bundling of the equatorial rays by the furrow must certainly be the 
beginning of the formation of the so-called sheath rays, described by Yatsu in 
Cerebratulus eggs : “One striking feature of this stage is the formation of the sheath 
rays around the spindle, due to the fusion of the equatorial rays and a part of the 
intermediate rays. The spindle shaped sheath rays seem to occur in a good many 
forms” (Yatsu, 1909, p. 387). Simultaneously with the appearance of the fan- 
shaped area, the bending of the spindle becomes noticeable. 

At the same time, two other changes are taking place in the curvature of the 
astral rays. One is the bending of the vegetal crossing rays. Among regularly 
dividing cells, the rays are straight while they are crossing, for they are supposed 
to be exerting traction force. Therefore, the bending of these vegetal crossing rays 
deserves especial attention (see Fig. 5). The other change is the curvature of the 
rays lying in the sector between the fan-shaped area and the spindle polar region. 
These rays, which have been either straight or bending in a fountain figure (see the 
right blastomere of the second drawing) , now start to bend in unison into the same 
direction as the vegetal crossing rays, so that the rays of the whole aster display a 
beautiful vortical configuration (see the left blastomere of the second drawing). 
These changes in the way of bending of the rays can best be explained by thinking 
that the asters have been twisted around their centers. In the third drawing, the 
sheath ray formation on the animal side, the spindle bending and the vortex figure 
all advance in degree and the vegetal crossing rays have almost been drawn apart. 
This drawing is of particular interest in two senses. One is that it shows the vege- 
tal half of the egg actually being tom apart by the twist. The other is that it almost 
coincides with a drawing of Conklin’s of the egg of Cynthia partita (Conklin, 1905 ; 
PI. VII, Fig. 100). In the fourth stage, the furrow on the animal side has almost 
reached the spindle and the sheath rays there begin to show a tendency to return to 
their original positions. On the vegetal side, two fan-shaped areas can be recognized, 
indicating that sheath ray formation has begun there also, lloreover, the formerly 


single egg. The spindle of this egg is more excentric than that of the first drawing. The 
seventh drawing is an example of an egg with a far less excentric spindle. Drawing 1, rays 
are practically straight Theoretically the asters must have begun to rotate, but this cannot 
definitely be ascertained. Drawing 2, note the appearance of the fan-shaped clear areas on both 
sides of the animal furrow in the expansion phase; sheath ray formation; the bending of the 
vegetal crossing rays; the slight sign of spindle biding. Drawing 3, further development of 
the fan-shaped bright portion; advance in the spindle bending and dissociation of the crossing 
rays of the vegetal side. Note also the vortex configuration of the rays. Drawing 4, approxi- 
mate contact of the animal furrow with the spindle and the tendency of the rays of tihe animal 
side to return to a straight condition. Appearance of the fan-shaped areas on the vegetal side. 
Drawing 5, last moment of division. Disappearance of the fan-shaped areas and definite bend- 
ing of the spindle. Drawing 6, interkinetic stage. Bending of the vegetal rays in the opposite 
direction (divergent bending). Drawing 7, division of a cdl with less excentric spindle. 
Notice usual fountain figure of the rays instead of the vortex configuration and apparent 
jstraightness of the spindle. 
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bent vegetal rays seem to have returned to a straight condition. But judging from 
the fact that the rays on the animal side still retain the same curvature as in the 
pre\dous stage, this straightening of the vegetal rays may have been induced by the 
change in the shape of the aster itself. 

In the fifth drawing, the cleavage is almost complete and all the rays, including 
the former sheath rays, are returning to a straight condition. At this stage, the 
spindle forms an obtuse angle with its apex directed toward the vegetal pole. The 
sixth drawing shows the egg in the interkinetic stage. Now the vegetal rays are 
turning in the opposite direction and new fan-shaped, ray-free areas appear adjacent 
to the now bent spindle. In Yatsu^s last drawing, this kind of bending is seen in the 
rays of the animal side. This post-cleavage bending is what the senior author called 
‘'divergent bending” in the previous paper (Dan, K., 1943b), and it is considered 
to be an indication of tlie formation of the new surface (see also Dan and Dan, 
1940). 

In the seventh drawing, the condition within an egg whose spindle is not so 
excentric is illustrated. Here no vortex configuration is attained and the seemingly 
straight spindle and the usual fountain figure of the polar rays are seen as in 
Cerebrafitliis eggs. In this latter form, the spindle is not so excentric and its bend- 
ing, consequently, becomes apparent only in much later stages, as can be judged by 
Yatsu’s figure. 

These observations on the eggs of Astriclypcus with extremely excentric spindles 
help to elucidate the intrinsic mechanism of spindle bending. It seems almost cer- 
tain that the causative force of spindle bending is derived from the advancing animal 
furrow and transmitted by the sheath rays to the astral centers which, in turn, im- 
part it to the spindle. But since the advance of the furrow is, itself, nothing but the 
result of the pushing apart of the two asters by the elongating spindle, an interest- 
ing cycle is seen. Thus it can be said that the causative force of spindle bending 
comes from the spindle’s own elongation. 

It must be emphasized that the fundamental situation is not at all different from 
that of typical cleavage. In both cases, sheath ray formation occurs. But in typical 
cleavage, since the inward pressure which produces sheath ray formation occurs at 
both the animal and vegetal sides simultaneously, the two effects cancel each other. 
In the heart-shaped cleavage, the pressure begins at the animal side and for a short 
time there is nothing 'to counteract it on the vegetal side. During this time the 
elongating spindle will encounter resistance on one side only, and will become con- 
cave toward that side. 

Two other important facts are patent in these observations. One is that the 
connection between the aster and the spindle is an unexpectedly firm one. There is 
a striking correlation between the degree of astral rotation and the degree of spindle 
bending. If this junction were loose, the aster might rotate more, but the spindle 
could not be bent at all. The second fact is that the spindle must have a certain de- 
gree of rigidity, since it can be bent by applying forces at its two ends. The present 
data ^ve further, and more decisive, support to the possibility postulated by K. Dan 
(1943a). 

Lastly, it must be pointed out that although the model experiment helped to 
reveal the mechanism of spindle bending, the spindle bending during the shrinkage 
phase shown by the model could not be demonstrated within the living cell. In 
actual observation, the sheath ray formation is always seen as the direct impetus for 
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spindle bending. Then is it permissible to apply this idea, obtained from a model, 
to actual cells ? 

The Effect of Astral Rotation on Surface Behavior 

In the foregoing sections, it was argued from the model experiment that the cause 
of astral rotation lies in the difference in length of the astral rays on the two sides of 
an aster. If this is so, the rotation of the aster must be occurring from the very 
beginning of the cleavage process. Although the observations of the bending of 
the rays and of the spindle, such as were reported in the previous section, are quite 
decisive, they can be applied with certainty only to the expansion phase in which the 
sheath ray formation becomes evident. 

For information on the early part of the cleavage process it was thought that a 
study of surface behavior might be used to establish some unmistakable evidence of 
astral rotation. Here the kaolin method and its geometrical analysis were employed 
again. The purpose of the analysis was to test whether or not the furrow formation 
is really due to the traction effect of the crossing rays. The procedure was to make 
a sketch of an egg in the spherical condition on which the positions of the kaolin 
particles and of the astral centers were recorded. From this sketch, the lengtlis 
of the crossing rays could be obtained. Once these lengths were fixed, given the 
spindle length of each stage, the theoretical positions of the particles could be ob- 
tained for later cleavage stages. These theoretical positions of the particles could 
then be compared with their observed positions. If the authors’ postulates be cor- 
rect two conditions follow : ( 1 ) The theoretical positions of the particles ought to 
fall on the sketched contour of tlie cleavage furrow because the surface is being 
pulled in by the rays during the shrinkage phase and (2) the degree of shrinkage in 
the distance between the two theoretical points ought to agree with that of the 
observed particle-distance as long as the particle-distance coincides with the real 
crossing range of the rays. In the previous paper of this series, it was shown that 
the above propositions satisfactorily hold in actual cases (Dan, K., 1943b ; Figs. 6 
and 7, Table III). But it must be stressed that even when the second condition 
fails, the first condition proves to be true as long as the deviation between the ac- 
tual particle-distance and the crossing range is not too great. This means that the 
second proposition is a stricter test for the hypothesis than the first one. However, 
in order to apply the second proposition properly, the painstaking accumulation of 
many readings is necessary to map out beforehand the actual range of crossing of 
the rays (see Dan, K., 1943b; Fig. 8). On tlie contrary, the first proposition, al- 
though it is less sensitive, is convenient and quite satisfactory as a qualitative test. 
Wlien the suction force develops and the crossing rays are pulled apart, the inter- 
section points (apices of the triangles) begin to fall outside the contour of the 
cleavage furrow. The time at which the intersection points begin to deviate is 
always simultaneous with the onset of the expansion phase. 

Now let us see how the surface of Astriclypeus eggs behaves in the kaolin experi- 
ment. The method has been used on these eggs previously (Dan, Dan and Yana- 
gita, 1938) but the present observations are especially concerned with ^gs con- 
taining extremely excentric nuclei. Two sets of the records for the qualitative test 
are given in Figures 8 and 9 and Table I. As for 'the animal furrow, in the egg 
shown in Figure 8, the expansion phase sets in at the fifth stage and at this very 
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stage, the intersection points start to deviate from the contour. In the egg shown 
in Figure 9, this happens at the sixth stage and the coincidence between the onset 
of the expansion phase ^d the initiation of the deviation of the intersection points 
from the contour is again unfailing. As far as the vegetal furrow is concerned, in 
the egg of Figure 8, the particle-distance follows a zig-zag course : 100.0%-97.9%- 
111.4%-96.9%~104.1%. At the sixth stage, the value jumps to 121.8% which is 
followed by a further rise. Therefore, the sixth stage can be considered as the 
beginning of tlie expansion phase. In the egg of Figure 9, although the course of 
change is more gradual, the same tendency is unmistakably recognizable : 100.0%- 
104.0%-103.0%-104.3%-104.6%-100.0%-100.3%. At the eighth stage, the value 
goes up to 115.2% and the intersection points begin to fall outside the furrow con- 
tour. These examples indicate that in eggs vrith extremely excentric spindles, the 
initial shrinkage effect is so obscured at the vegetal side that the term ‘‘shrii^age 
phase” is no longer appropriate. For this reason, in the present paper, the term 
^‘fluctuation phase” will tentatively be used. But a rather surprising fact is that 
in Figure 8 the intersection points coincide well with the traced cell contour during 
this fluctuation phase. In Figure 9, the intersection points do not at least go out- 
side the drawings until the end of the fluctuation phase. From these facts, it 
seems permissible to conclude that at both poles of the cleaving Astriclypens eggs, 
fundamentally the same division mechanism is at work. 

Then why is this expressed as shrinkage at the animal side and alternate shrink- 
age and expansion at the vegetal side? It may be due to the rotation of the asters. 
It was suggested in the foregoing section that when the tw’o asters rotate so that 
their animal hemispheres converge, the vegetal furrow must tend to be torn open. 
In reality, the situation may be somewhat more complicated. While the asters turn, 
if the tips of the crossing rays can retain their attachment to the cortex, the vegetal 
surface may be made to shrink more than when the rotation is absent. But if these 
rays pull loose from the cortex and the asters become free to rotate, they may stretch 
the surface between them on rotation as is diagrammatically shown in Figure 6. 
If the rays pull loose in several steps shrinkage and expansion will alternate. 

Another point which is rather peculiar is the shift of the intersection points to 
the inside of the cells in the drawings, a form of behavior which has never been met 
with in regularly dividing cells. For example, in Figure 9, during the fluctuation 
phase of the vegetal furrow which lasts for seven stages, the intersection points fall 
inside the cells at two different times including four stages. Stage 3 and stage 5 of 
Figure 9 are of special interest. In those two stages, the animal furrow being still 
in the shrinkage phase, the intersection points of that side are coinciding with the 
contour. As long as the intersection points of the animal side are coinciding with 
the contour, one is provided witli a guarantee that no error is involved in the re- 
cording of the positions of the astral centers. Yet the vegetal intersection points 
fall inside the drawing. This shows that the inward shifting of the vegetal inter- 
section points is not an error but represents something which is actually happening 


(XX) are found for each pole. The percentage changes of the observed particle-distance (P) 
and cf the theoretical distance between the two intersection points (D) are given in Table I to- 
gether with the time of recording. Note that during the shrinkage phase of the animal pole 
(from^the 1st to the 4th stage) and the fluctuation phase of the vegetal pole (from the 1st 
to the Sth stage), the intersection points fall on the egg contour. 
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in Astridypeus eggs. There are two suggestions as to its identity. One is spindle 
bending. Since the bent spindle is convex toward the vegetal pole, it may push 
out the contour of the vegetal furrow. The other is that when the asters rotate 
around their excentric centers, pulling loose their crossing rays, the vegetal con- 
tour may bulge out as is indicated in Figure 6. At any rate, the astral rotation may 




Figure 9. Another example of the geometrical analysis of an egg with extremely excentric 
spindle. The shrinks^e stage of the animal pole lasts for five stages and the fluctuation of the 
vegetal pole ends at the seventh stage. Note that the vegetal intersection points are sometimes 
inside the contours. 



The results of the geometrical analyses of Astriclypeus eggs with extremely excentric spindle shown in Figures 8 and 9, 
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P = 1000 ^=1040 P=103.0 P = 104.3 P = 104.6 P = 100.0 P = 100.3{}) P-11S.2 P = 122.1 P=123.8 
V^tal furrow z> = iOo'.0 73.3 D= 63.0 SS.4 D= 4S.S D= 39.3 33.0 31.7 33.0 27= 30.4 
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Figure 10. Geometrical analysis of an egg with a less excentric spindle. Both the animal 
and the v^etal poles undergo a shrinkage. The vegetal intersection points are inside the draw- 
ings at the seventh and the eighth stages with bent spindles. 
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offer the best single explanation for both the fluctuation phase and the inward shift 
of the vegetal intersection points. 

In the second paper of this series, the authors (Dan, Dan and Yanagita, 1938) 
handled the data of the kaolin experiments on the eggs of this sand-dollar as if there 
was no qualitative difference between the behaviors of the two poles of the cell. 
Even though they are sure that this omission did not affect the conclusion of that 
paper materially since they w^ere not limiting themselves to the extremely ex- 
centric cases, they wish to make this point clear. 

Finally, the eggs with less excentric spindles must be examined. In one sense, 
this test is very important because in eggs with less excentric spindles, their bending 
can be noticed only in a very late stage of the cleavage process. The data are given 
in Figure 10 and Table II. As can be seen from the table, the particle-distance on 
the animal furrow reaches its minimum at the fourth stage. Until this time, the 
intersection points remain on the contour. The vegetal furrow, in this case, under- 
goes a shrinkage similar to other examples reported in the previous paper. In this 
particular case, the vegetal furrow remained in the shrinkage phase for an exception- 
ally long time, i.e., until the eighth stage. Yet the intersection points stay on the 
contour through this period, except the seventh and the eighth stages where the 
vegetal intersection points are inside the contours concurrent with the onset of spindle 
bending. On closer examination of Table II, however, it will be noticed that the 
degree of shrinkage is much less for the vegetal furrow (minimum — 81.9%) than 
for the animal furrow (minimum — 58.5%). Is this, then, due to the pulling loose 
of vegetal rays as a result of astral rotation? Here, the stricter test — ^i.e., the 
numerical fit between the theoretical and observed degrees of shrinkage — ^must be 
resorted to. It was pointed out that these figures coincide only when the positions 
of the kaolin particles fall exactly at the tips of the crossing rays. This occurs 
purely by chance. But if numerous records are examined, such cases will inevitably 
be met with. This is true with the animal pole of the Astriclypeits eggs as shown 
in Table III and Figure 11. 

On the contrary, for the vegetal furrow, no case of an exact fit has been found 
in the entire mass of records. In every case, the degree of the observed shrinkage 
was far less than that of the theoretical shrinkage, no matter how small a particle- 
distance was chosen. (When a particle-distance is wider than the actual crossing 
range, the observed degree of shrinkage becomes less than that of the theoretical 
shrinkage (consult Figure 2).) The case given in Figure 10 and Table II well 
exemplifies the situation. This is decisive enough evidence that the asters must 


Table III 

An example of a nearly perfect fit between the observed (P) and the theoretical (P) degrees 
of shrinkage at the animal furrow of the Astriclypejis egg (see Fig. 11), 


Stage 

1 

2 

3 

4 

5 

6 

Time of recording 

0" 

2'05" 

3'10" 

4'00" 

6'25" 

6'5S" 

Observed shrinkage 
Theoretical shrinkage 

P = 100,0 
P« 100.0 

P«93.0 

P«96.5 

P«89.S 

P«88.3 

P=83.7 

P«81.3 

P»73.2 

P=:69.8 

P« 131.3 
P= 58.1 
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be rotating also in the eggs with less excentric spindles where the early detection of 
spindle bending is difficult. 

In short, the above result indicates that in the early stages of cleavage of the 
cases of less excentric spindles, the asters are rotating although spindle bending is 
not detectable. This may mean that while, as was pointed out above, the connection 
between the spindle tip and the astral center is surprisingly firm, it is not absolutely 
rigid and a certain degree of astral rotation may be induced by the pressure of the 
furrow on the sheath rays before the spindle is noticeably affected. 

Spindle Bending in Other Forms 

The bending of the spindle in Astriclypeus has been discussed and is shown 
diagrammatically in Figure 7. Other observations of spindle bending are not 
scanty in the literature. Yatsu’s last drawing clearly illustrates it for Cerebratuhis, 
Among other egg cells, Conklin (1902) shows many drawings of spindle bending in 



Figure 11. Sketch of the egg, the data of which are given in Table III, showing the range of 
crossing of the rays at the animal pole. 

Crcpiditla eggs (Plate III, Figs. 60, 61; Plate V, Figs. 80, 81), Kuhn (1913) re- 
ported it in the summer eggs of Polyphemus (Fig. 15) and Rhumbler (1901) in 
the eggs of Rhabdonema (?). From both the drawings and the original texts of 
these reports, it is evident that the spindles lie excentrically in all cases. 

Examples of spindle bending are also found among male sex cells. Wilson takes 
up this subject in his book (1925, p. 140) in connection witli the division of the 
spermatogonia of the grasshopper, Rhomaleum. Among recent workers, Sato 
(1940) touches this point in tlie spermatogonia (Figs. 18, 48) and the spermatoc 3 rtes 
(Figs. 20, 50) of the scorpion, Buthus martensii, and he discusses it as a possible 
cause of the rosette arrangement of these cells wdthin their cysts. He kindly in- 
formed the authors in a personal commimication that, in these cases, the position of 
the resting nucleus and subsequently of the spindle is excentric. He also asserted 
that the bending of the spindle is not due to a lack of space within the cyst. From 
the above references, the authors believe there is enough evidence to support the 
proposition that spindles bend whenever they occur excentrically in cell bodies. As 
a matter of fact, once aware of this situation, careful observation can frequently 
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catch slight bending of the spindle even in the so-called “regularly dividing” sea- 
urchin eggs, in batches in which the spindle lies more or less off the geometrical 
center of the cell (see Fry, 1937 ; Figs. 1-5). Another fact of special importance is 
that some of the investigations cited above include figures of spindle bending which 
occur well before a cleavage furrow is formed, thus definitely eliminating the pos- 
sibility that the spindle is passively bent inward by the advancing cleavage furrow. 

Artificial Induction of Spindle Bending 

The foregoing analysis furnishes evidence that the cause of spindle bending 
is an unbalanced condition of the mechanical strains between the animal and vegetal 
sides of the spindle. If such is the case, by experimentally causing a similar un- 
balanced condition of force, it should be possible to induce spindle bending in a ma- 
terial in which it is not seen normally. This is achieved by the use of ether. The 
eggs of any kind of echinoid which normally divide in a symmetrical fashion can be 
used. The eggs are fertilized and a short time before the first cleavage is due, the 
surrounding sea- water is changed to an ether-sea-water mixture (0.6% by volume). 



Figure 13. Reproduction of Yatsu’s Figures 22 and 23 of a Cerebratulus egg, whose pre- 
vious mitoses were inhibited by compression, about to cleave into four binucleate cells. The 
bending of the spindle is clearly shown. 

In ether, even though the nuclear division takes place, the C 3 d:oplasmic division is 
suppressed and binucleated cells are obtained (Wilson, 1901). If these eggs are 
later washed free from ether, at the second cleavage, two spindles are formed side 
by side. Under this circumstance, the cleavage furrow appears in a plane at 
right angles to these spindles and two binucleate cells result. As the furrow con- 
stricts the cell, each of the two parallel spindles will obviously be cut by the fur- 
row only on its peripheral side. In the living condition, during the cleavage, two 
obtusely V-shaped spindles can be seen which, at the final stage, are held in con- 
tact at their apices, giving the form of an X. Sections of ether-treated Strongylo- 
centrotus eggs at the second division are shown in Figure 12. 

In the literature, Boveri (1910) sketched a bent spindle in an Ascaris eg^, the 
cleavage furrow of which was suppressed on one side by centrifugation. Yatsu 
(1908), in his experiments on Cerebratulus eggs with a compressorium, shows 
dear figures of spindle bending in an egg which is dividing simultaneously into four 
binudeate cells, even though his interest in that paper is on other points. Two of 
his figures are shown in Figure 13, This example suggests that whenever a cell 
divides simultaneously into many cells, spindle bending must be involved. 
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Discussion 

In the foregoing sections, the authors have tried to analyse the cause of the 
bending of excentric spindles, and they have attributed it to the unbalanced me- 
chanical resistance on the two sides of an elongating spindle resulting from its ex- 



Figure 12. Sections of an egg of Strongylocentrotus pulcherrimus in the second division, 
the first cleavage of which was suppressed by ether. Fixed in chrome-formol mixture, la and lb 
are two successive sections of an egg showing two spindles and four asters (the slit in the 
middle of Ih is an artefact). Two is an egg cleaving into two binucleate cells with the bend- 
ing of the spindles. Three is another egg in a slighSy later stage with sharply bent spindles, 
the spindles being much more vague in this case. 



160 


KATSUMA DAN AND JEAN CLARK DAN 


centricity. As far as the authors are aware, Gray is the only investigator who has 
tried to derive an explanation of this mode of division from a general theory on the 
division mechanism of regularly dividing cells. In discussing “astral cleavage” 
(Gray, 1931, pp. 201-202), he writes: “If the line joining the center of the two 
asters does not pass through a diameter of the egg by the time the astral rays reach 
one side of the egg, then the cleavage furrow develops first on that side, and only 
later (as the rays reach the opposite side of the equator) does the furrow develop on 
the other side. . . . That the irregularity of form and position of the asters is the 
cause and not the result of irregular cleavage is suggested by the fact that similarly 
irregular cleavages can be induced to occur in Echinus eggs by experimental means.” 

Although the authors readily support the latter part of his statement, they can- 
not help thinking that the mechanism he offers as the explanation for the formation 
of one-sided furrows is quite unsatisfactory. In the first place, his theory requires 
the existence of a stage in which the rays are reaching the nearer periphery but not 
the more distant side. This is quite contrary to the observed facts. It is obvious 
that the furrow formation starts with the elongation of the cell body only after the 
astral rays have filled up the cell interior. In the second place, even allowir^ the 
first requirement of Gray’s theory, the way in which the furrow appeared on the 
nearer side by his mechanism would not be the formation of a furrow in the real 
sense of the words but would rather be the bulging out of the two sides of the 
furrow. Qinsequently, at the completion of such cleavage, the egg should have 
made headway toward the animal side, causing the spindle to take a central position. 
This is utterly incompatible with the observed facts. 

A striking similarity between Astriclypeus and Cynthia eggs concerning spindle 
bending and the vortex configuration of the astral rays has been mentioned. How- 
ever, the real situation seems to be much more complicated. Conklin (1905) states 
that the cleavage furrow of the 1st division starts from the vegetal pole near which 
the clear protoplasm and the mitotic apparatus are lying excentrically {see Conklin, 
1905 ; PL II, Fig. 20) . So far nothing contradicts the authors’ expectations. But 
he further says that when the spindle begins to bend, toward the end of this cleavage, 
it becomes convex toward the vegetal pole from whence the furrow first appeared 
(PL VII, Fig. 100) . He moreover asserts that this is also true for the first cleav- 
age of Ciona intestinaMs (PL XI, Fig. 198). The direction of this bending is quite 
opposite to the one which can be expected from our theory. 

On the other hand, for the second and third cleavages, the direction of the 
spindle bending is exactly what we would anticipate. He writes : “In the second 
cleavage the constriction of tlie cell begins at the periphery or free surface and pro- 
ceeds inward through the cell body (figs. 104, 105). ... and the middle of each 
spindle is bent in toward the center of the egg (fig. 105)” (p. 44). On page 46, he 
has another sentence to the same effect in connection with the first cleavage and with 
Figures 106, 107. A reexamination of ascidian egg cleavage is urgently needed. 

From what has been discussed concerning the cause of spindle bending, it 
might be concluded^ that spindle bending is impossible in ordinary plant cells in 
which neither astral rays nor cleavage furrows are found. In spite of this, there 
are cases in which spindle bending has been reported among plant cells. Professors 
Sinoto and Wada of the Botany Institute kindly informed the authors of two such 
cases. One is in the pollen mother cells of a haploid Triticum reported by Graines 
and Aase (1926) and the other is in the pollen mother cells of hybrid offspring of 
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Triticum and Aegilops studied by Kihara and Lilienfeld (1932). The cause of such 
bending may be quite different from that among animal cells and it must probably 
be sought for in the intrinsic make-up of the spindle itself. 

The authors are happy to express their gratitude to Dr. Laura Hunter Colwin 
for her help in preparing this and the following manuscript, and to Dr. D. P. 
Costello and Dr. Daniel Mazia for their criticism and advice. 

Summary 

1. Study was made of the cleavage of cells with excentric mitotic figures. 

2. In the division of such cells, (a) the cleavage furrow appears from the side 
of the cells nearest to the mitotic figure, (b) the asters rotate, causing the animal 
hemispheres to converge, and (c) the spindle bends, with the convex side directed 
toward the vegetal pole. 

3. This situation can be explained by thinking that the mechanical resistance for 
the elongating spindle is different in magnitude on its two sides as a result of the 
excentricity of the mitotic figure. 

4. The above situations can be artificially induced in materials which never show 
them normally, by producing a similar unbalanced resistance on the two sides of 
the spindle. 

5. Gray’s theory concerning the mechanism of the formation of one-sided cleav- 
age furrows is discussed. 
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BEHAVIOR OF THE CELL SURFACE DURING CLEAVAGE. VIII. 
ON THE CLEAVAGE OF MEDUSAN EGGS * 
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Misaki Marine Biological Station, Misaki, Kanagawa-ken and Zoology Department, Faculty 
of Science, Tokyo Imperial University, Tokyo 

Coelenterate eggs cleave characteristically with a one-sided advance of the fur- 
row on the animal side, in contrast to utter quiescence on the vegetal side.^ Around 
the beginning of the present century various theories were proposed to account for 
the mechanism of such division but they were highly hypothetical in nature, and 
failed to acquire much popularity. The present study, although admittedly pre- 
liminary in nature, is an attempt to clarify some aspects of the division of medusan 
eggs. 

In previous papers the authors have postulated that the primary cause of cleav- 
age is spindle elongation, both in regularly cleaving eggs such as those of the sea- 
urchin (Dan, 1943b) and also in cells with excentric nuclei (Dan and Dan, 1947). 
But in the asymmetrical furrow formation of eggs of the latter type, for example in 
the heart-shaped cleavage of Astriclypens manni, there are secondary peculiarities 
not found in regular cleavage. The first is rotation of the asters about their centers, 
so that their respective animal hemispheres converge. This results from asym- 
metrical sheath ray formation, and can be detected by noting the change in direction 
of bending of the rays in successive stages of cleavage (Dan and Dan, 1947). The 
second peculiarity is the bending of the spindle, so that it becomes convex toward 
the vegetal pole. This is a direct result of the astral turning. Of course, such 
bending is possible only because the spindle itself is somewhat rigid, and the con- 
nections between the spindle tips and astral centers are firm. 

Now, among different batches of Astriclypeus eggs, the excentricity of the spindle 
varies and the degree of one-sidedness of the furrow varies correspondingly. An 
orderly arrangement of these ^gs, from less to more excentric spindles, will form 
a series continuous with the mode of cleavage of medusan eggs (Fig. 1). This 
might mean that medusan cleavage simply represents an extreme case of heart- 
shaped cleavage. If so, astral rotation and spindle bending should also be found in 
medusan eggs. The following investigation will test these propositions. Moreover, 
a few points specific to the present material will be presented. 

♦A part of this work was aided by a fund offered by the National Research Council of 
Japan, for which the authors' deep thanks are due. 

^ Opinions differ as to which side of the medusan egg should be considered the animal pole. 
Ordinarily, the side at which the polar body is extruded and the cleavage furrow begins is 
called the animal pole. Schleip (1929) and Korschelt (1936), however, have adopted the 
opposite terminology. This is because the egg axis and the larval axis run in opposite di- 
rections among the Ctenophora. In order to avoid confusion, the terms “polar body pole” 
and “micromere pole” are sometimes used. In this paper, the term “animal pole” denotes the 
polar body pole and the term 'Vegetal pole” refers to the micromere pole, thus preserving a 
unity of expression throughout this series of papers. 
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Figure 1. Comparison of the cleavage modi of sand-dollar eggs (Astriclypeus inanni) and 
medusan eggs (Spirocodon saltatrLv), A-D, cleavage of sand-dollar eggs arranged in order 
from less excentricity to more excentricity of the mitotic figure. E, cleavage of the medusan 
egg. Note that these make a continuous series. 

The eggs of Spirocodon saltatrix, one of the Tubularioanthomedusae, are used 
throughout tliis work This medusa is quite abundant in the bays around the 
Misaki Station during the winter. The animals spawn on being put in the dark 

Plate I. (a) Short time after fertilization. The egg pronucleus is vaguely visible at the 
extreme left side of the cell, which is the animal pole. (&) Conjugating pronuclei and the result- 
ing mitotic figure are invisible by the usual microscopic observation, (c) and (d) Beginning 
of furrow formation, (e) Slightly more advanced stage, (f)-(j) Successive stages of cleavage 
of the same egg, (/) The spinning is not yet evident. (By this time, the fine protoplasmic 
processes must be coming out from the furrow surface ; these are not visible unless observed 
under oil immersion.) (g) The amalgamation of the protoplasmic processes is partly com- 
pleted. (h) (i) (/) The amalgamation products spread between the blastomeres in a sheet, 
fastening the cdls together, (k)-(p) Views along the spindle axis, (k) (/) Initial stages of 
cleavage which roughly correspond to stage (e) of the side view, (w) More advanced stage. 
Note that the still undeaved part between the blastomeres can be vagudy seen as a bright cirde. 
(») (o) (p) Successive stages of deavage of a singly egg. Notice that as the connecting bridge 
narrows down, the blastomeres round up. (q) View from above (animal pole), (r) View 
from bdow (vegetal pole). The smallest division of the scale is 10m. 
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(Uchicla, 1927). The reaction is particularly clear-cut if the animals have pre- 
viously been exposed to electric light. Around 10° C., the first cleavage takes place 
from l }-2 to 2 hours after putting them in the dark, depending upon the latent pe- 
riod for spawning. 

These eggs have absolutely no enveloping membrane in either the unfertilized or 
fertilized condition, as far as can be judged by microscopical observation. The egg 
pronucleus is clearly visible in the unfertilized condition and vaguely so during a 
short time after fertilization, taking an extremely excentric position within the egg 
(Plate la). But by the time syngamy approaches, it is lost from view (Plate lb). 
When mitosis l)egins, the asters are discernible, although the rays are very faint and 
re<|uire oil immersion to be definitely distinguished (Plate II). For this reason, 
sectioning is necessary for detailed observation of the internal structures. When 
unfertilized eggs of Spirocodon are fixed in a chrome-formol mixture, the internal 
cyto])lasm remains fairly homogeneous throughout the cell (Fig. 2; ?). But if 
eggs are fixed by the same mixture after fertilization, the peripheral cytoplasm as- 
sumes a coarsely vacuolar aspect ( Fig. 2 ; 2, , 5 ) . On the other hand, if fixed by 

osmium, the cytoplasm of fertilized eggs is homogeneous (Fig. 3). From the 
above facts, it can be assumed that the peripheral vacuoles of the chrome-formol- 
fixed eggs are artifacts. If fertilized eggs are over-stained by neutral red or by 
Nile blue sulphate, many large heavily stained vacuoles appear in the peripheral 
zone of the cells. Such over-stained cells have already lost the capacity to cleave. 

Normal Cleavage of the Eggs of Spirocodon 

Since the asters of this egg cannot be seen with certainty unless oil immersion is 
used, it is rather difficult to anticipate the exact time of the onset of cleavage. Most 
observations, therefore, were started after a slight indication of furrow fonnation 
had been noted. This drawback was somewhat offset by the slowness of the ad- 
vance of the furrow. 

When the furrow deepens, the egg tends to come to lie on its side, with the 
egg axis parallel to the substratum. As for the changes in contour in the side view’s 
of these cells during cleavage, there is not much to add to what has been reported 
for other forms (Plate I, h to /). If viewed from other angles how'ever, an interest- 
ing feature a]>pears. Photographs of two view’s peq)endicular to the side view and to 
each other are show’ii in Plate I, k to r. From these, it is clear that cleaving 
Spirocodon eggs form flat plates of squarish shape. This is the reason why they 
tend to come to lie on their sides. Although sea-urchin eggs elongate in the direc- 


Plate II. Successive stages of cleavage of a single Spirocodon egg observed with oil im- 
mersion lens. (A) Slight indication of the vortex figure within the blastomeres. No sign of 
the spinning activity within the furrow, (B) The vortex configuration is becoming more evi- 
dent. The spinning activity has not begun yet. (C) The vortex figure is at its climax. The 
amalgamatiori of the protoplasmic processes is proceeding (see C), (C) Enlargement of C 

showing the spinning activity in the furrow. Note a longish shadow along the furrow space and 
several very faint lines running across the furrow, nearer the tip of the furrow. The latter 
are threads formed by the fusion of several protoplasmic processes which cannot be shown in 
the photograph. The former is the amalgamation product of the latter. This grows by further 
amalgamation into a sheet. (D) The spinning is complete around the entrance of the furrow, 
(jE) Astral rays (vortex figure) are becoming vaguer. (F) The furrow has almost reached the 
vegetal side. The smallest division of the scale is 10m. 




Pl\te II 




Figure 2 Sptrocodon eggs fixed in chiome-formol mixtuie 1 unfeitihzed egg The 
cytoplasm is faiily homogeneous with only a slight tendency to vacuolization around the peiiph- 
ery 2 telophase with chromosomes and asters Note an intense vacuolization aiound the 
periphery The plane of section is quasiequatonal , tlie peripheial vacuoles aie seen enarchng 
the island of dense cytoplasm 3, vertical section Anaphase with asteis, a bending spindle 
and a shallow furrow Notice that the island of dense cytoplasm is definitely shifted toward 
the anunal pole 4, a still later stage 5, a much latei stage with a V-shaped spindle Note 
that the vegetal vacuoles have nOw come around to the former animal side 
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lion of the spindle, the shape of cross-sections parallel to the cleavage plane is al- 
■ways circular. Similar cross-sections of medusan eggs are a series of oblongs 
(Plate I, w, o), and only in later sts^es do the flattened incipient blastomeres 
gradually round themselves up (Plate I, o and p). This flattening is an important 
point to keep in mind for an understanding of the division mechanics of coelenterate 
€ggs. 

Several other things are notable in the side view of the egg. For example, in 
every case observed, a vortex configuration can be seen in each blastomere during 
most of the cleavage process (Plate II, B, C, D, E). The direction of the whorl of 
this vortex is exactly the same as that exhibited by the astral rays of Astriclypeus 
eggs (Dan and Dan, 1947 ; Fig. 7), only the degree of bending of the component 
lines is much more acute in the Spirocodon egg. 



I I I I I I 

50 r 


Figure 3. Spirocodon egg fixed in Flemming’s solution showing homogeneous cytoplasm, 
V-shaped spindle and spinning processes on the furrow sides. 

The next fact concerns an utterly new feature of cell activity which finds no 
similar case among echinoderm eggs. This is the so-called ‘'spinning activily” of 
the medusan eggs.^ It has been known for some time that in medusan eggs, after 
the cleavage furrow advances some distance, fine protoplasmic processes are sent out 
from the furrow sides to amalgamate into a sheet between the two blastomeres 
(Yatsu, 1912; Plate II). 

As material for observing this spinning activity, Spirocodon saltatrix is not par- 
ticularly favorable, for the processes are so fine that, before amalgamation, they are 
barely recognizable individually with an oil immersion lens (Plate II, C'). But the 
sheet, once it begins to be formed (Plate II, D, E ) , can be seen with the usual high 
dry objective (Plate I, g, h). Moreover, the partly amalgamated processes can be 
fixed as such by osmium (Fig. 3). Unfortunately, because of the poor visibility of 
Spirocodon processes, the details of the change from processes to sheet cannot be 

^Andrews (1897) and Moore (1930) discuss spinning activity in connection with cchinodeirm 
eggs. Their views will be criticized in a future paper. 
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ascertained. All one can say is that the transformation is rather abrupt and as the 
sheet is completed, it spreads between the opposed surfaces of the blastomeres like 
a wetting fluid, sometimes even showing a meniscus at the optical section of its 
border. As the immediate result, the two blastomeres are pulled closer to each 
other. 

The last point concerns the final positions of tlie divided nuclei. In either un- 
fertilized or fertilized eggs, as long as a nucleus is visible in the living condition, it 
takes an extremely excentric position toward the animal pole. After it is lost 
from view and the mitotic spindle develops, sections show that even though the 
spindle has come back to a more central position, it is still decidedly pushed to the 
animal pole (compare Plate la and Fig. 2, 3 and 4). Nevertheless, when the two 
resting nuclei are reconstituted after cleavage their positions are about midway 
between the animal and vegetal poles, almost in contact with the furrow sides. 
This situation is quite different from that existing in Asfriclypeiis eggs, where the 
nuclei retain the same degree of excentricity until the four-cell stage. 

Now let us see how the facts described above can be correlated with the general 
theory of cleavage developed in the previous papers. 

Rotation of the Asters 

The direction of the whorl of the vortex configuration in the dividing blastomeres 
of Spirocodon has been shown to be the same as that exhibited by the astral rays 
of Astricly pelts eggs. In the latter case the vortex figure of the astral rays was 
taken as a direct indication that the asters are turning around their centers (Dan 
and Dan, 1947). Examination under oil immersion leaves no doubt that the figure 
in the Spirocodon eggs is also primarily due to the bending of the astral rays. Con- 
sequently, it is safe to say that the vortices in the two forms are identical in signifi- 
cance. Judging from Yatsu*s figure (1912; Plate II, Fig. 19), similar vortices are 
also evident in the eggs of Beroe jorsikalii. 

Bending of the Spindle 

In the previous paper, the primary cause of spindle bending in Astriclypeus eggs 
was attributed to the excentric position of the mitotic figure. It is easy to show that 
a similar situation obtains in the eggs of Spirocodon, In the unfertilized condition, 
the egg pronucleus is clearly visible in the living cell and it lies immediately be- 
neath the cell membrane at the animal pole (Plate la) . After fertilization, although 
sections show that the first mitotic figure comes back toward the interior to some 
extent, still it is clearly excentric. As cleavage proceeds, sections also reveal that 
the spindle is bending. This is true both for eggs fixed with chrome formol (Fig. 2) 
and for those fixed in osmium (Fig. 3), 

Now one is able to understand why the Spirocodon eggs flatten during segmenta- 
tion. In regularly dividing eggs where the spindle simply elongates, the force 
acts in linear fashion and the cell body can only elongate along the spindle axis. But 
in the cleavage of medusan eggs, in addition to the force which pushes the two 
asters apart, there is another force trying to make them turn around their excentric 
centers. This set of forces determines a plane on which the eggs tend to spread and 
make flat discs. This fact is most clearly brought out by making contour drawings 
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of the side view of the same egg at various stages and superimposing them. As is 
shown in Figure 4, the outline of the initial stage can be included within that of 
the fiat stage.® When the blastomeres round up s^ain in later stages, the con- 
tour becomes smaller once more. 

In passing, it must be made clear that the above statement that a set of two 
forces is at work in the medusan cleavage should not be taken to mean that two 
different factors are involved in the process. As was discussed in the previous 
paper (Dan and Dan, 1947), the force causing the rotation of the asters is derived 
from the elongating force of the spindle as a result of the excentricity of the mitotic 
figure. Therefore, they are nothing but two fractions of force of a single origin. 



Figure 4. Superposition of the contours of the side-view of the same egg in three different 
stages. The contour of the second stage surpasses that of the first stage both in height and 
width, indicating that the cell body is spreadiii flat in this stage. In the third stage, although 
the width increases, the height decreases, showing that the blastomeres are rounding up. 

Returning to the main line of thought, if it be correct that the flattening of the 
blastomeres and the bending of the spindle are two effects of a single cause, then we 
should have noticed the same thing in the eggs of Astriclypeus. Re-examination of 
that material shows it to be actually present, as is illustrated in Figure S, As a 
matter of fact the bulging out of the vegetal contour was often noticed during that 
study and its probable cause was attributed partly to spindle bending, partly to 
astral rotation. The situation would have been grasped more readily if it had 
been considered in terras of flattening. 

Spinning Activity and its Significance With Resect to Cleavage 

Once it is established that astral rotation is one of the important factors in 
medusan cleavage, one is led to suspect that spinning activity may be closely re- 
lated as a part of the division mechanism, for when the two asters are simultaneously 
moving away from each other and rotatii^ around their centers, a tying together of 

» Yatsu's paper includes a somewhat similar figure of the superposition of outlines of successive 
stages in the cleavage of the eggs of Beroe, In connection with this figure, Yatsu is pointing 
out the absence of hteral elongation in Beroe ^gs. But it should not be overlooked that the 
stages he is dealing with ard those 6f the latter half of the division process, and the contour 
of the early period is not included. 
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the animal side of the blastomeres would greatly increase the efficacious force avail- 
able for the tearing open of the vegetal furrow. 

The most direct and decisive way to test this possibility is to interfere with the 
spinning activity and see whether or not the eggs can divide. A method of me- 
chanical intervention was adopted. It consisted in moving a micro-dissection needle 
back and forth along the furrow as the latter was being fonned. It was thought 
that this method would prevent the amalgamation of the protoplasmic processes. 
Special care was taken not to injure the sides of the furrow by the needle during 
the operation. The result was clear-cut. The eggs divided completely. But on 
completing cleavage, the blastomeres fell apart. Later it was found that a simpler 
way to achieve this aim is to make the eggs divide under compression in a hanging 
drop with an extremely small quantity of sea water. The tracings of photographs 
shown in Figure 6 illustrate an egg so treated. The reason for the failure of the 
spinning under compression is probably that, as the egg is flattened so much, the 



Figure 5. Two camera lucida drawings of dividing Asfriclypeus eggs as seen along the 
spindle axis. In the left hand one, the furrow is formed only at the animal pole while in the 
right hand one, the furrow has gone around the cell. The large dotted circles are optical sec- 
tions of the still uncleayed parts and the smaller dotted circles are cross-sections of the spindle. 


number of the protoplasmic processes which are formed just at the flattened edges 
of the furrow sides is greatly reduced so that the chance of their meeting and con- 
sequently of their amalgamation becomes ver>^ slight. 

At any rate, it can now be said definitely that the sole object of the spinning ac- 
tivity is to tie the blastomeres together and it can be segregated from the process 
of cell division proper. 


Perforation Experiments 

In order to get some insight into the more d 3 mamic phase of medusan cleavage, 
perforation experiments were made. The method is to take an egg compressed in 
a hanging drop and punch it through by a micropipette (Dan, 1943a). 

The results obtained in sea-urchins by this method can be summarized briefly. 
When a perforation is made through the C 3 rtoplasm on the median plane bisecting 
the karyokinetic figure, the iimer border of the perforation is pulled in and becomes 
a cleavage furrow. If a hole is shifted slightly to the side of the median plane, but 
still within the crossing range of -the median rays (sub-median region), a furrow 
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is formed at the normal position, but simultaneously the perforation is drawn toward 
the median plane and the two are ultimately united, so that in the end a nearly- 
normal two-cell stage with a forked furrow results. If the hole is further pushed 
toward the polar region, it can no longer take part in the furrow formation. 

When Spiro codon eggs are compressed for punching, because of the excentric 
position of the mitotic apparatus it is desirable to have the egg axis coincident with 
the plane of flattening. But unfortunately, even after compressing, the mitotic 
figure cannot be located definitely because of its poor visibility. Theoretically, the 
apparent position of the mitotic apparatus under compression can be the most ex- 
centric when the egg axis is lying parallel to the plane of flattening and it becomes 





Figure 6. Tracings of a series of photographs of a single egg dividing under compression. 
Spinning has failed and the blastomeres are falling apart. In later stages which are omitted here, 
they are completely separated. Note, however, that until the cleavage is nearly completed 
(down to stage 5), the contour change of the blastomere is quite normal, indicating that these 
shapes arc brought about by purely internal causes. 


central when the egg axis is perpendicular to the plane. Another source of am- 
biguity lies in the fact that when a micropipette punches through the cell in the 
vicinity of the mitotic apparatus, there is no way of telling to which side of the 
pipette the mitotic figure will slip away. The final position of the mitotic figure 
after such treatment in each particular case can be judged to some extent by observ- 
ing the way in which the furrow appears, but sometimes the authors had to guess it 
from the later behavior of the perforation. 

The series of sketches shown in Figure 7 represents the behavior of a perforation 
on the median plane of the animal side. Just like the corresponding case in sea-urchin 
^gs, the inner border of the perforation is drawn in, becoming a cleavage furrow, 
while the median periphery of the cell which would became a furrow under normal 
conditions remains unchanged. The rest of the division process proceeds in the 
usual manner. At the fourth stage of the figure, a few partly amalgamated processes 
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are seen and, at the sixth stage, the amalgamation is complete. The division is 
achieved at the eighth stage. Soon after this, the mitotic figures for the second 
cleavage are formed and the egg cleaves into three blastomeres. This is instruc- 
tive in confirming the observation that the first cleavage has failed to divide the cell 
completely. 






Figure 7. Form change of a perforation made on the animal side of the spindle. Note that 
it makes a cleavage furrow which takes the place of the cell periphery. From the 4th stage 
on, spinning activity can be seen which succeeds in binding the cells at the 6th stage. At the 
second cleavage, the larva reaches a 3-cell stage, the middle cell being binucleate and the other 
two, mononucleate. Temperature, 14.2® C. 

The case shown in the next figure (Figure 8) is another example of the per- 
foration of the animal side. In this case, although the result is identical with that 
of the previous example, as far as the behavior of the perforation is concerned, it 
is significant in showing a case of the failure of spinning. In this case, since the 
animal sides of the blastomeres are connected by a protoplasmic bridge, the failure 
in spinning causes a widening of the tip region of the furrow. As a result, a thread 



CELL SURFACE DURING CLEAVAGE. VIII 


175 


of cytoplasm running between the blastonieres at the vegetal pole is clearly visible. 
This string of cytoplasm must be homologous to the connecting stalk of sea-urchin 
eggs and hence it must contain the spindle, or, more correctly speaking, the spindle 
remnant, within it. In the present case, however, the apparent elongation of the 



Figure 8. Another example of a perforation in the egg at the animal side of the spindle. 
At the 3rd stage threads are formed which, howeves, fail to bind the blastomeres. At the 6th 
stage, the division process is complete. The protoplasmic string left at the vegetal pole is the 
“stalk” and contains the spindle. At the 8th stage, the stalk is broken. At the 10th stage, the 
second cleavage sets in, resulting in a 3-cell stage. Temperature, 10.5® C. 
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spindle remnant cannot be considered to be an autonomous one but is likely a pas- 
sive one due to the rounding up of the blastomeres. In the second cleavage, the 
egg divided into three cells, as in the previous case. 






Figure 9. The behavior of a sub-median hole on the animal side. Immediately after the 
operation, the hole was round in shape, but is stretched toward the median plane by the time 
the 1st drawing was made. At tlie 4th stage, a protoplasmic protuberance appears in front of 
the holes. At the 6th stage, the hole is practically fused with the main furrow. At the 7th 
stage, the hole is stretched, practically becoming a slit so that its fusion with the main furrow 
cannot be ascertained. But its fusion is evident at the 8th stage through the appearance of a 
dent on the side of the furrow just above the protuberance. This corresponds to the Y-shaped 
furrow of Strongylocentrotiis eggs. At the 9th stage, spinning is achieved at a little higher 
level than the dent The spindle remnant is clearly seen at the following 2 stages and is finally 
broken at the 12th stage as the interkinetic condition is reached. Temperature, 13.3® C. 

A t 3 rpical sub-median case is given in Figure 9. In spite of some irregularities 
in the contour of the furrow wall, the, fusion of the hole with the furrow is evident. 
The only superficial difference in the sub-median behaviors of the medusan and sea- 
urchin ^ga is probably due to the difference in consistency of the cortex of the 
two forms. 
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If a perforation is pushed a little farther from the median plane to the sub- 
polar region, the hole is only stretched and does not fuse with the main furrow (Fig. 
10). If a hole is made in the polar region, it remains quiescent all through the 
cleavage process (see Fig. 14). 

In short, as far as the behavior of the perforations on the animal side is con- 
cerned, the results are just the same as those in sea-urchin eggs. But once we go 
to the vegetal side, the reaction changes greatly. 



13 * 20 " 15 * 50 ” 


Figure 10. A sub-polar hole on the animal side. The hole is pulled toward the median 
plane. At the 3rd and 4th stages, surface grooves are formed along the direction of strain 
on both sides of the hole. The hole becomes smaller and slit-like at the 6th and 7th stages and 
finally disappears at the 8th stage. 

The behavior of a median hole on the vegetal side of the spindle is shown in 
Figure 11. In this case, although the hole is deformed to some extent when the tip 
of the furrow approaches, there is no sign of the active participation of the vegetal 
hole in the furrow formation. The situation will more appropriately be described 
by saying that the furrow advances until it meets a vegetal hole where it simply 
stops. Therefore, the string of cytoplasm which is found on the animal side in this 
case must be the spindle remnant. 

Here the question arises, whether the behavior of the vegetal hole approaches 
that of an animal hole if its position is shifted toward the upper pole. Such a case 
is given in Figure 12. The result is the same as in the preceding case. At the 
eighth stage of this figure, two nuclei have begun to be reconstructed, but the 
part of the spindle remnant within the cytoplasm can be recognized as bright streaks 
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which are continuous w'ith the string of cytoplasm outside the cell. The shallow 
cleavage furrow’ thus formed is soon abolished completely and a binucleated cell 
results. At the second cleavage, the cell showed two mitotic figures. In this 
particular case, the cleavage attempt is unsuccessful in one blastomere and a 3-cell 
stage is reached at the end. 



66 * 30 * 75 * 00 " 105 * 00 '* 


Figure 11. A median perforation on the vegetal side. At the 4th stage, the furrow has 
advanced so that only the stalk containing the spindle remains between it and the hole. At the 
8th stage, the stalk is getting soft The cell is rounding up at the 9th and 10th stages. The 
cell divides into three at the 13th stage. Temperature, 12.1® C. 

Equally striking is the fact that as soon as a vegetal hole is shifted in position 
from the median plane, it no longer shows any trace of form change and often 
vanishes leaving only a scar on the cell surface (Fig. 13). In this egg, the hole 
is obliterated at the tliird stage, after which the surface scar left by the hole is rep- 
resented by a dotted line. The instability of the vegetal hole may indicate the 
fluid nature of this region because perforations in sea-urchin eggs also become un- 
stable when put in a calcium-free medium. 

Combination of two holes on the vegetal side of the spindle does not introduce 
any new type of behavior. In the case shown in Figure 14, one hole is median while 
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the other hole is polar. The furrow comes down as far as the former and stops 
there, while the polar hole remains indifferent all through the process. In the 
case shown in Figure 15, the two holes come pretty close to the furrow, yet they 
slide along beside it and disappear later. 

Summarizing the above results, it can be said that on the animal side of the 
mitotic figure of the medusan egg, the condition is practically the same as that pre- 








Figure 12. A median hole made just below the spindle. The behavior is essentially the 
same as in the case shown in Figure 11. The 8th stage shows that the string of cytoplasm really 
contains the spindle. At the 11th stage, two mitotic figures appear. In the right blastoraere, 
the cleavage somehow fails and a 3-cell stage results. The last drawing is significant in showing 
that the spinning is possible not only between daughter cells but also between adjacent cells 
which have no common mitotic figure. Temperature, 14.2® C. 
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vailing in sea-urchin eggs. But the vegetal side is so inert and passive that the situ- 
ation seems to be utterly different. The impression is unavoidable that the vegetal 
region is quite fluid. However, if the vegetal region of the medusan eggs is reall}’ 
fluid, is it possible to anticipate a successful cleavage from the proposed theory? 


The Division Mechanism of Medusan Eggs 

As an introduction to this 'discussion, let us enumerate important features of 
medusan eggs which are not met with in sea-urchin eggs, and which, consequently, 





S4'55" 55*00" 

Figure 13. A perforation in the sub-median region of the vegetal side of the spindle. At 
the 3rd stage, the hole vanishes and a surface scar remains. At the 5th stage, the spinning 
activity is taking place, and at the 6th stage, the two blastomeres are bound together. At the 
8th stage, cleavage is complete. Note that the scar is pushed far to the side, in the polar region. 
Temperature, 12.1® C. 

offer basic materials for the present theoretical consideration. (1) Flattening of 
the cell and later rounding up of the incipient blastomeres. Astral rotation has 
been offered as a tentative explanation of this fact. (2) Coming around of tlie 
v^etal vacuoles to the animal side in fixed eggs and tlie shifting in position of the 
surface marks left by vegetal perforations to the apparent polar region after cleavage 
{see texts of Figs. 13, 15). These two facts seem to have a close bearing on the 
rotation of the asters. (3) Fluid nature of the vegetal region. The instability of 
the vegetal perforations and the failure of the vegetal rays to exert stress on the per- 
forations are two basic facts pointing to this conclusion. (4) Movement of the 
nucleus from the animal side toward the vegetal side during cleavage. 
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With the above four points in mind, the authors have arrived at the following 
conclusion. In the beginning of cleavage, the spindle begins to elongate as in the 
case of sea-urchin eggs. Since the astral rays of the animal region of medusan eggs 
are fully effective, this causes first shrinkage and later furrow formation there just 
as in sea-urchin eggs. As the furrow gets deeper, the median crossing rays are 
pushed against the spindle (sheath rays) which causes the asters to rotate. This, 
in turn, makes the cell spread on a plane determined by these forces of elongation and 
rotation. When the spindle definitely takes a U-shape, the astral centers must be 
twisted around through nearly 90*^ from their former directions. 
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Figure 14. Combination of a median and a polar hole. Notice that the polar hole is not 
affected at all. The behavior of the median vegetal hole remains unchanged by the presence 
of the polar hole. 

Now, if the astral rays of the vegetal region were rigid enough, this condition 
would immediately cause a fission in the vegetal region between tlie two asters as 
in the case of the Asfriclypcus eggs. But, actually, the vegetal portion of Spirocodon 
eggs is much more fluid and more deformable. Therefore, instead of tearing the 
vegetal cortex apart (as in typical furrow formation) the cortex and the rays are 
both stretched out, allowing the central parts of the asters to rotate. In other words, 
in Astriclypeus, tlie annulment of the strain exerted by the elongating spindle is 
achieved by the breaking of the cortical layer (furrow formation) while in Spiroco- 
don it is accomplished by the yielding of the cortex and the rays to the strain (with- 
out furrow formation). 

What the authors think about the condition of the rays and the cortex is shown 
diagrammatically in Figure 16. The cleavage stage corresponds to stage B of 
Plate II. The thin lines represent extremely stretched parts of the rays and of the 
cortex while the thick ones are the parts which are stretched slightly or not at all. 
According to our interpretation, there are no rays whicli go to the furrow side. 
This ray-free narrow strip lining the furrow side must correspond to the *‘fan- 
shaped ray-free area” described in connection with Astriclypeus eggs (Dan and Dan, 
1947). (In Astriclypeus eggs, as the median crossing rays are cat^ht by the 
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furrow head and are pushed in as sheath rays, non-crossing rays on both sides are 
left behind. As a result, a fan-shaped ray-free gap appears.) In Spirocodon, since 
the arc of the fan-shaped area is stretched out so much, the shape of the fan is greatly 
flattened. This explains why the daughter nuclei lie so close to the furrow wall. 
It might be thought that data like those of Figure 16 could be obtained directly by 
the kaolin method. However, this is impossible since no particles can stay at- 
tached to Spirocodon eggs. 

As the division process approaches its completion and the soft vegetal region is 
stretched out more and more, the central portions of the asters are released from 
the strain and regain their former condition. This is expressed as the rounding 






Figure 15. Two vegetal holes. The furrow cuts in on one side of the holes. In spite of 
the fact that the furrow passes quite close to the holes, no change is brought about in their 
shape. They vanish later. Note also that the direction of the line connecting the two holes is 
nearly horizontal in the beginning, becoming almost vertical after cleavage is complete. This 
shows that vegetal cytoplasm before cleavage comes around to the side during cleavage. 


Up of the incipient blastomeres in later stages of the division process. Moreover, 
such an astral rotation will bring about the rotation of other cell constituents. This 
must surely be the explanation of the movement of vacuoles and surface scars from 
vegetal to more animal positions. 

However, the last and the most important point is that, as the vegetal material 
is carried around to the side and even up toward the animal pole, the relative posi- 
tion of the spindle within the cell will become more and more vegetal and finally the 
base of the U-shaped spindle will reach the vegetal extremity of the cell. In a very 
rough approximation, it is as if one cuts a medusan egg into two along the cleavage 
plane, turns the halves by 90° (so that the cut surfaces face" downward) and pushes 
them together animal pole to animal pole. The cleavage is thus complete, with the 
nuclei in the vegetal region. 

When looked at from a different angle, the above theoretical consideration brings 
forward two more propositions. 
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(1) It was stated that as the imposed strain is equalized, during the latter half 
of the cleavage process, the vegetal material is shifted around toward the animal 
side and the spindle is shifted down. These coupled movements are an action and 
a reaction. As a result, the authors cannot agree with the opinion that a cleavage 
furrow strives to reach the opposite pole by its own power. 

Such an illusion must have arisen from the fact that when a cleaving medusan 
egg is observed, the only thing which can be seen moving is the cleavage furrow, 
and the cell body remains practically stationary. But this is due to a simple physical 
condition. When a cleaving medusan egg comes to lie on its side as the result 
of flattening, it must be resting on the substratum by two points, with the center of 
gravity of the cell somewhere on the line connecting these supporting points. 



Figure 16. The condition of the astral rays and the cortex as interpreted by the authors 
from stage B of Plate 11. The distal portions of the vegetal rays are greatly stretched. The 
animal cortex is drawn into the furrow and the vegetal cortex is stretched to cover the lower 
half of the blastomeres. Greatly stretched parts are represented by thin lines. The ray-free 
area is spreading along the furrow wall. This figure is only a rough qualitative representation. 


Therefore, no matter what change occurs in the contour, as long as the center of 
gravity does not change its position, the cell cannot help remaining stationary. The 
rotational movement of the aster such as was discussed above will certainly not 
shift the position of the center of gravity very much. In other words, supporters of 
the opposing theory made an error in selecting the axes of coordinates. They took 
the more or less stationary cell contour as a reference and compared the movement 
of the furrow head with it. But if we have to choose a reference point, it seems to 
us that the position of the nuclei will be a far more reliable one. To illustrate this 
proposition, a series of camera lucida drawir^s of a dividing Spirocodon egg were 
superimposed in such a way that the nuclei would coincide as nearly as possible. 
The result. Figure 17, shows clearly how the vegetal material is carried up toward 
the animal side. If a dividing medusan egg could be suspended in some medium 
during cleavage, it might give the same sort of effect. 
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(2) The impetus for the present research was the expectation that the cause 
for the difference between the modes of cleavage of Astriclypeits and Spirocodon eggs 
was probably attributable to the difference in the degree of excentricity of the 
spindle. But this expectation turned out to be not strictly correct. The accurate 
statement must be that the difference in the mode of cleavage of the two forms lies 
in the difference in rigidit}’ of the vegetal halves of the asters. Among Astriclypeiis 
eggs, there is, of course, an undeniable correlation between the degree of the 
spindle excentricity and the degree of the onesidedness of the furrowing (Fig. 1). 
But this is, in turn, because there also exists a correlation between the degree of 



Figure 17. The superposition of contour drawings of a dividing Spirocodon egg, keeping 
the nuclei in as nearly a constant position as possible. But the nuclei cannot be made to overlap 
exactly. Their positions fall on the two lines indicated in the center. The shifting of the 
vegetal material to outer sides and up to the animal side is evident. 

spindle excentricity and the degree of deformability of the vegetal halves of the 
asters. 


Discussion 

Cytoplasmic streaming and astral rotation 

Prominent among the theories which have been put forward to explain the 
division mechanism of medusan eggs is the view that a c 3 ^oplasmic current, con- 
sidered to originate from surface tension changes, is the effective force. This theotr 
seems to have stood partly upon the positive fact that directed movement of the 
cytoplasmic granules toward the tip of the furrow has been reported ever since the 
early days of embryolog}", and partly upon the negative fact that the theory has not 
been challenged by an alternative one. It certainly created the impression that the 
phenomenon of cytoplasmic streaming has special prestige in the domain of cleavage 
studies of medusan eggs and some investigators have even gone so far as to think 
that it is also true in sea-urchin eggs. 

To the authors, however, there seems to exist a profound difference between the 
streaming in sea-urchin eggs and that in medusan eggs. The streaming in sea- 
urdiin eggs is a current of cytoplasm toward the future cleavage plane, hence it is a 
current flowing prior to furrow formation (Chambers, 1938; Just, 1939, p. 284). 
On the contrary, the reports on medusan eggs are all concerned with c 3 rtoplasmic 
currents along the already formed cleavage furrow converging toward tiie furrow 
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head. Therefore, even allowing for the possibility that streaming is a chief cause 
of cell division, the modes of action of the two streamings must be entirely different. 

Moreover, the literature on medusan cleavage is further complicated by the ex- 
istence of ectoplasmic movement. As is known, the ectoplasm of Beroe eggs 
changes its thickness and usually thickens around the cleavage head (Spek, 1926). 
Since the ectoplasm accumulation occurs at the point toward which the cytoplasmic 
currents are directed, the former is often thought of as the result of the latter. But 
these two ought to be clearly differentiated. In short, within the vague term of 
‘‘cytoplasmic streaming,” three different things are included: namely, sea-urchin 
egg streaming, medusan egg streaming and the medusan ectoplasmic movement. 

As for the streaming of sea-urchin eggs, the senior author has offered the inter- 
pretation that it is a passive movement of the fluid C3rtoplasm to fill in the gap 
formed between the separating asters. Concerning the streaming of medusan eggs, 
the authors are still more skeptical. They think that this streaming itself might 
be an illusion due to the en masse rotation of the asters. It must be remembered 
that when other investigators talk about a cytoplasmic current, what they are actu- 
ally seeing is a movement of suspended granules. It is proposed that the mere fact 
that the granules move in reference to some landmarks outside the egg cannot 
have finality in the conclusion that the cytoplasm is flowing. The conclusion is al- 
lowable only when the granules move in reference to other cell structures such as 
the cell membrane. In the case of sea-urchin eggs, such a guarantee is provided 
because the streaming, after having reached the site of the future cleavage plane, is 
said to change its course and go inward. Since no such guarantee is available in the 
case of medusan eggs, who can say that it is only the cytoplasm which is moving? 
Furthermore, if it is a real streaming, v:hy is there not found an accumulation of 
granules beneath the furrow head where the ectoplasm is thick? 

According to Spek (1926), the cytoplasmic currents of Beroe ovata flow along 
the furrow sides, meet at the furrow tip and go a short distance to the inside along 
the median plane. This fact, he contends, is an evidence that the higher surface 
tension at the furrow head is causing the one-sided furrow formation. But to our 
surprise, on reading his paper carefully, we do not come across any streaming in the 
strict sense. The arrows indicating the direction of the flow in his text figures are 
only representing the directions of an hypothetical streaming ij such a streaming 
could be considered to be the cause of the movement of the green ectoplasm. On page 
60, he writes, “Wahrend dieser Substanz Verlagerungen konnten Plasmastromungen 
direkt nicht wahrgenommen werden, Konstruirt man aus dem Effekt der Plasnia- 
verlagerungen das Stromungsbild, so erhalten wir ein eindeutiger Weise einen 
oberflachlichen Zustrom nach der Furche und einen axialen Abstrom von derselben 
Weg (S. Textabb. 3).’’ In other words, this is only a ‘‘Stromungsbild” where 
no streaming is seen. But from the authors^ standpoint, the fact that his arrows 
are indicating the exact directions of the rotation of the asters is too significant to 
be overlooked. 

Ectoplasmic movement and aster rotation 

As for the movement of the ectoplasmic layer of Beroe ovata, the authors 
are of the opinion that this is again a passive movement. The ectoplasmic 
thickening at the beginning of furrow formation must be the result of the 
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shrinkage of the furrow surface at this stage as has been observed so many 
times in the kaolin experiments of sea-urchin eggs. The accumulation of the 
green ectoplasmic material at the points of the last connection between the 
blastomeres can be accounted for as follows. When the vegetal pole is stretched 
out knd is about to be torn, the connecting bridge between the blastomeres must al- 
most exclusively consist of the cortical material without including fluid endoplasm. 
Therefore, when it finally gives way, there ought to be an accumulation of the 
green material. During the intermediate stages, the surface area of the furrow re- 
gion shrinks slightly (from unpublished data on sea-urchin eggs). Consequently, 
the ectoplasm around the furrow head can retain the thickness illustrated in Spek's 
figures. 

But far more important is the later behavior of the green ectoplasm. According 
to Spek, in the first two cleavages, the green material which accumulates around the 
point of the last connection once more distributes itself evenly around the blasto- 
meres. But at the end of the third cleavage, its re-distribution is prevented and even 
the nuclei are held there. As a result, at the fourth cleavage, the furrow starts to 
be formed at the opposite pole of the larva (the micromere pole). But this cleavage 
and the following one (the fifth) being extremely unequal, two sets of micromeres 
consisting entirely of the green material are formed. These micromeres are the 
mother cells of the future combs. The macromeres above them are still retaining 
the residue of the green material adjacent to the micromeres. In other words, as 
long as the cleavage is extremely unequal, the green substance stays on the same side 
of the larva. 

After a long resting period extending for nearly two hours, the macromeres go 
into a division. This division is equal and the furrow starts to cut in from the 
micromere pole. As the furrow advances toward the other side (the polar-body 
pole), the last trace of the green material is carried away with it and at the com- 
pletion of the cleavage, the green substance is found at the other (polar body) pole. 
In the following extremely unequal cleavage all the green material is given off as 
micromeres. As is clear, this new set of micromeres lies opposite from the group 
of comb-forming micromeres and they are endodermal elements. 

From the authors’ concept of medusan cleavage, this l)ack and forth movement 
of the green ectoplasm is not surprising, since medusan blastomeres are turning 
somersaults at each division. When the division is unequal, although the same 
turning around accompanies it, the division cannot take the ectoplasmic material 
across the large cell and apparently leaves it in place. So it must always be an 
equal division which can transfer the material across to the opposite side. 

In the field of amphibian embryology, the opinion is often expressed that the 
process of amphibian gastrulation is a formative movement by which various meso- 
dermal elements are delivered to their definitive positions. In that sense, it is ex- 
ceedingly interesting that the cleavage process itself is acting as a formative move- 
ment in Beroe, 

The reason why the green ectoplasm re-distributes itself evenly after the first 
two cleavages is unknown to the authors. Spek thinks that it is due to the low 
plasma-viscosity during these mitoses. Whatever the explanation is, the phenom- 
enon of the complete re-distribution of the ectoplasm seems to have a close bearing 
on the fact that the cleavage furrows cut in from the animal pole (the polar-body 
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pole) during this period. In Spirocodon saltatrix, on the other hand, the re- 
distribution is prevented even for the first cleavage. As a result, the nuclei come 
down half way between the tw^o poles, lying quite close to the furrow surface, and 
the cleavage furrow of the second division starts from there. This is functional 
evidence that the animal pole has come around to the furrow side and the vegetal 
material is spread out to cover the lower half of the blastomeres. 

Mcdiisan embryology and aster rotation 

The concept of the rotation of the blastomeres of medusan eggs seems to offer a 
hint with respect to a more general problem of the embryology of ctenophores. 
Among this group, it has been a puzzling fact that the egg axis and the larval axis 
run in opposite directions. This means that the apparent vegetal pole of the egg 
where the comb-forming micromeres appear becomes the fore-end of the swimming 
larva. This is quite contrary to the situation found in other animal phyla. For this 
reason, investigators who put emphasis on the later development name the two poles 
of ctenophore eggs exactly opposite to the way it is customarily done, calling the 
polar-body pole the vegetal pole (Schleip, 1929; Korschelt, 1936). Korschelt even 
goes so far as to illustrate the eggs up-side-down. All these confusions have their 
origin in the fact that people view the development of ctenophores with the con- 
ventional idea that the egg axis should coincide with the larv^al axis. But if the 
blastomeres turn upside down at each division, the egg axis changes its direction 
each time. In other w^ords, among medusae, the egg axis seems to have little 
meaning. 


Summary 

1. Characteristics of division involving an excentric mitotic figure: namely, astral 
rotation and spindle bending, are recognizable in the di\dsion of Spirocodon eggs. 

2. Perforation experiments indicate that although the physical condition of the 
animal region of Spirocodon eggs is similar to that of sea-urchin eggs {Pseitdoccn- 
troths dcprcssns)^ the vegetal region is quite fluid and deformable. 

3. In AstriclypeiiSj the vegetal region is like the animal in physical consistency so 
that the vegetal region is pulled open (i.e., furrow formation takes place) sooner or 
later. In Spirocodon, the vegetal region is quite fluid. As a result, it is never 
pulled open but is simply drawni out until it finally breaks. This is the fundamental 
difference between heart-shaped cleavage and medusan cleavage. 

4. Astral rotation is discussed in connection with cytoplasmic streaming; ecto- 
plasmic movement and medusan embryology generally. 
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A delayed effect of X-rays on pepsin. Rupert S. Anderson. 

^ It is well known that X-rays inactivate enzymes such as pepsin. Determinations of the 
activity remaining are usually carried out as soon as the period of irradiation is completed. 

With pepsin it has been noticed that in addition to the immediate effect there is a slowly 
developing further inactivation. This inactivation occurs when the irradiated enzyme stands in 
a buffered solution at pH 5.3-S.4. Ultimately the total inactivation was several times as large 
as that observed initially. 

It has not been possible to imitate the delayed inactivation by incubating pepsin with con- 
centrations of hydrogen peroxide up to one millimolar. Moreover irradiated solutions which 
have been dialyzed against the original pure buffer solution, to restore the initial conditions as 
closely as possible, still show the delayed inactivation. The generality and possible significance 
in biological radiation experiments of this type of phenomenon will be further studied. 

On the occurrence oj myoglobin in Busycon cankulatum. Eric G. Bam- and 
O cTAViA Cooper. 

In contrast to the bulk of muscle in Busycon caniciilatim, the protractor and retractor mus- 
cles of the odontophore and the radula are bright red in color. This suggests the presence in 
these muscles of an iron porphyrin compound. The positive identification of this muscle pigment 
as an ij’dri coippound seemed of particular interest in view of the fact that this animal possesses 
a coppdr blood* pigment, haemocyanin, which displays an affinity for oxygen greater even than 
that of mammalian myoglobin. * 

A total of 86 animals yielded 742 grams of wet muscle. These were ground in a mortar 
with sand and water, the mixture centrifuged, and the turbid red supernatant brought to 60 per 
cent saturation with (NHOsSO*. After standing overnight the colorless precipitate was centri- 
fuged off and the pigment precipitated from tlie supernatant by the addition of (NH 4 ) 2 SOi to 
90 per cent saturation. The bright red precipitate was removed by centrifuging or filtration. 

The precipitate dissolves readily in water or neutral phosphate buffer to yield a clear red 
solution. Its absorption spectrum shows sharp peaks at X 576, 540, 415, and 270 m/z, and thus 
resembles hemoglobin. The ratio of the extinction coefficients for 540 : 576 is 1.15 and for 
415 : 540 it is 9.3. In hemoglobin the comparable ratios are 0.96 and 8.7. 

The pigment reacts with NaaSaO*, ferricyanide, and CO to form compounds analogous to 
those produced when these reagents react with hemoglobin. The CO compound shows absorp- 
tion peaks at X 569 and 538 m/^ The span of 70 A in the a band between the O 2 and CO com- 
pounds indicates a strong affinity of the compound for CO, The iron content of a salt free dry 
preparation is 0.17 per cent. 

A crystalline chlorohemin derivative can be prepared. The absorption spectra of the ferri- 
hemehydroxide, ferrihemecyanide, and ferrohemecsranide compounds are identical with those 
yielded by blood hemin. 

Physiological studies on the mechanism of action of DDT in insects. John B. 
Buck and Margaret L. Keister. 

Weight changes and oxygen uptakes were measured in adult blue bottle flies, Phormia 
regina, in high, and in low humidities, after the flies had walked on a microcrystalline surface 
of DDT for IS minutes. Initial percentage body weight fractions were: water, 65; respirable 
substrate, 20; irrespirable material, 12.5; skeleton, 2.5. Weight loss was nearly linear in all 
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four groups of flies during the first 10 hours. Water loss, in per cent of original weight, 
totaled: dry DDT, 25.6; dry control, 14.6; wet DDT, 14; wet control, 6.5. Substrate (dry 
weight) loss, in per cent of original weight, over the same 10-hour period, totaled: dry DDT, 
4.4; dry control, 2.4; wet DDT, 10; wet control, 1.5. Per cent substrate loss to death (18 
hours for dry DDT; 8 days for wet control) totaled: dry DDT, 6; dry control, 15.2; wet DDT, 
15.5; wet control, 20. Average oxygen uptake in mm.^/hr./mg. fresh weight was 2 in both 
control groups, 10 in the wet DDT flies between 4 and 8 hours after poisoning, and a maximum 
of 7 at 4 hours in the dry DDT flies. Individual poisoned flies briefly reached peaks up to 15 
times the control rate. Similar values were also reached by rare controls which were active 
instead of motionless. R. Q. was about 1 in the poisoned flies, 0.8 in quiescent controls. Total 
oxygen uptake per individual poisoned fly varied directly with both fresh and dry weight losses. 
Poisoned flies could accumulate oxygen debts. 

Conclusions: (1) DDT enhances both water and substrate loss. (2) Low humidity reduces 
the respiratory stimulation caused by DDT. (3) DDT has no specific effect on either anaerobic 
or aerobic glycolysis, the observed respiratory and weight changes being indirect, and attributable 
rather to h 5 rpermotor activity. (4) Death from DDT is not primarily due to either water loss 
or exhaustion of respirable reserves. 

Direct determinations of internal hydrostatic pressure of Fimduhts egg, W. Buno 
AND Robert Chambers. 

By the use of mercury manometer it has been possible to measure directly the hydrostatic 
pressure within the Fundulus egg which has a diameter approximately 2 mm. It was found 
that there is an immediate response of the egg to changes in the concentration of a balanced salt 
solution, namely, S. W. There is a rapid exchange of water and of salts, the exchange of salt 
being slightly slower. Our chief contribution is that such exchange occurs in a solution con- 
taining all the electrolytes of sea water. In preliminary experiments it was found that the 
addition of 5 per cent alcohol to sea water caused the pressure to fall immediately, followed by 
a rise to its original value and sometimes exceeding the value. This was repeated several times 
with similar results on the same egg in the same environment in which the concentration of the 
alcohol approached 30 per cent. 

Toleration of lowered oxygen tension by cave and stream crayfish, W. D. Bur- 
BANCK, John P. Edwards and Madeline P. Burbanck. 

Limestone caves are abundant in southwest Missouri and from many of them issue streams 
wdiich eventually flow into the White River or its tributaries, Smallin Cave in Christian 
County, Missouri, sixteen miles from Springfield, is such a cave and is peculiar in two ways. 
First, the mouth of the cave is one of the largest in tlie United States measuring about ninety- 
eight feet wide by sixty feet high. Secondly, in the space of three-quarters of a mile, the cave 
tapers to less tlian ten feet and opens into a deep sinkhole, a condition allowing much organic 
material in the form of leaves and soil to enter the cave. 

In Smallin Cave is found the white blind crayfish, Cambarus sctosiis. Directly outside the 
cave and living under practically the same conditions of temperature, dissolved oxygen, pH, 
and total hardness of water, lives the stream crayfish, Cambarus rusticus. Since the surface 
drainage is a factor in the total flow of water in Smallin Cave, the cave crayfish at times may 
live in a torrent, a swift stream, or in isolated pools. During periods of drought, the stream 
issuing from the cave may dry up and the stream crayfish disappear. 

Following the technique of Park, Gregg, and Lutherman (Ecology, 21; 1940), in a series 
of three experiments, thirty-three stream and thirty-three cave crayfish were placed three each 
in liter flasks of boiled cooled water (03 = 4.0715 cc. per liter) sealed with mineral oil. 
Following the death of all of the animals, oxygen analyses by the Winkler method showed that 
the cave and stream crayfish reduced the water to approximately the same oxygen tension — no 
significant difference between 0.1978 and 0.2452 cc. per liter respectively. The cave crayfish 
lived longer than did the stream crayfish, however. Average survival time for cave crayfish 
was 829.9 i 35 minutes and for the stream crayfish 272.3 + 21.5 minutes. Thus, the longer-lived 
cave crayfish seem to have a lower rate of metabolism than the stream crayfish. 



PRESENTED AT MARINE BIOLOGICAL LABORATORY 


191 


The shape of oil drops injected into the axoplasm of the giant nerve of the squid. 

Robert Chambers. 

The sheath of the fiber is relatively easy to puncture with a slanting thrust of the micro- 
pipette, the aperture of which is in the neighborhood of 1 to 2 microns in diameter. By this 
means it was found possible to introduce oil drops into various depths of the interior of the 
fiber. The oil drop assumes immediately an ovoid shape along the long axis of the nerve. 
Agitation of the needle inserted in the vicinity of the injection changes the consistency of the 
axoplasm so that the oil assumes a spherical shape. The linear arrangement of the material 
composing the homogenous appearing axoplasm is also indicated by subcooling the fiber to 
— 3° C. and inducing freezing of the axoplasm by inserting a needle. The icicles which form 
are cylindrical rods parallel to one another and to the long axis of the fiber. Colorimetric 
determinations indicate a pH of 6.8 for the normal axoplasm. When the axoplasm is liquified 
by damage the pH changes quickly to the neighborhood of 5.4. These experiments indicate 
that the axoplasm consists of ultra-microscopically arranged material, presumably in a gel 
state, which reverts on injury to the sol state. The pH changes observed are those of living 
protoplasm. This is in direct contrast with effects observed in the yolk of the Fundulus egg 
w^hich exhibits no pH change when mechanically disturbed. 

Deformation delay in Arhacia ova centrifuged in caffeine solutions. Ralph Holt 
Cheney. 

Typically, unfertilized Arbacia ova, when centrifuged at 10,000 X gravity for 7 minutes, 
Ijecome elongated and break into halves and even quarters with more prolonged centrifugation. 
Sea urchin eggs in caffeine solutions resist changes in their spherical form under centrifugal 
force of that magnitude. For comparison, control eggs in sea water were centrifuged with eggs 
from the same female in 0.02 per cent, 0.10 per cent, and 2.0 per cent caffeine-in-sea-water. 
The response of ova when subjected to the 0.10 per cent CSW (M/200) was noted particularly 
because that is the concentration which has been shown by the author to definitely influence 
cellular metabolism. 

All concentrations prevented deformation of the caffeinized eggs when centrifuged at 
10,000 X g. for 7 minutes. Stratification of the echinochrome “appeared” more compact in 
caffeinized ova. Twelve minutes of centrifugation resulted in the breaking of 100 per cent of 
the controls whereas deformation and breaking in the experimental series of 0.02 per cent CSW 
to 2.0 per cent CSW varied from 12 per cent to 0.08 per cent of the eggs. Increasing the 
caffeine concentration decreased the percentage of breaking and degree of deformation. 

Centrifugation at 3,000 X g. for 3 minutes resulted in no deformation of either the controls 
or experimentals and stratification of pigment was equal. This latter observation indicated that 
the “apparent” difference in stratification under greater centrifugal force, resulting in the 
elongation of the control eggs, was not due to any change in viscosity. It could be accounted for 
by the difference in the distance of sedimentation in the deformed controls and the spherical 
experimentals. Evidence that resistance to deformation is due to the effect of caffeine on the 
tension forces at the surface layers is now under investigation. 

Experiments on germinal localisation in Ilyanassa. A. C. Clement.^ 

If eggs of Ilyanassa are removed from their capsules and grown in ordinary filtered sea 
water, they succumb to infection within a few days without attaining the veliger stage. With 
a semi-sterile technic, including the use of Pasteurized sea water, the naked eggs develop nor- 
mally. Using this technic, the developmental capacity of various fractions of the egg has been 
tested. The following observations are based mainly on a study of living material. 

The polar lobe is necessary for normal development If the lobe is removed at the trefoil 
stage of the first cleavage, a partial larva results. Elements of the velum, including the large 
cilia, appear regularly and eyes are often formed. Otherwise, the larva bears little resemblance 
to the normal veliger, either in general form or in recognizable larval organs. 

The polar lobe normally passes into the D quadrant at the second cleavage. If the D blasto- 
mere is punctured and removed, the ABC fraction produces a deficient larva resembling the 

1 Aided by a grant from the Carnegie research fund of the College of Charleston. 
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lobeless one. In contrast with this, removal of either the A, B, or C quadrant from a whole egg 
often results in a larva which, although showing certain deficiencies (particular!}^ of the 
velum), is in most respects similar to the normal one. 

If the D macromere is punctured and removed after it has given rise to three ectomeres and 
the mesentomere cell 4d, development is virtually normal in most cases. The only regular de- 
ficiency detected is a reduction in size of the larva. Much of the material originally contained 
within the polar lobe, and later the D quadrant, is removed in this operation. It thus appears 
that the original lobe region loses its essential morphogenetic value during the cleavage process, 
presumably through an allocation of potency to some or all of the first four cell derivatives of 
the D quadrant. 

The cytological basis of salt excretion from the gills of Fund ulus hcteroclitus- D. 

Eugene Copeland. 

Fimdulus hetcrocUtus were subjected to abrupt changes from sea water to tap water and 
vice versa to see if the cellular mechanism for salt excretion could be demonstrated in the gills. 
A columnar type acidophilic cell extending from the basement membrane to the surface of the 
gill filament shows a secretory vesicle at the distal end in sea water and none in fresh water. 
The cell is rich in very fine, filamentous (possibly oriented granules) mitochondria in both sea 
water and fresh water. Silver nitrate tests for chloride show a very marked response in the 
secretory vesicle and to a less extent in the body of the cell. Fresh water adapted cells show 
little or no chloride. In several distilled water adapted cases, the cells rounded up and left 
both the free surface and the basement membrane. 

Inhibition of Arbacia egg cleavage by podophyllotoxin and related substances, 

Ivor Cornman. 

The effects of podophyllin upon Astcrias eggs are reported in another abstract in this 
issue. Podophyllin is a mixture of podophyllotoxin (m.w. 414), quercetin (m.w, 321), podo- 
phyllic acid, and unknown constituents. The effect of podophyllin on Arbacia egg cleavage ap- 
pears to represent the combined effects of podophyllotoxin and quercetin, revealing a wide 
range of concentrations (0.4-2 mg./L) over which it slows cleavage slightly, then a sharp 
threshold at which cleavage is completdy inhibited (4-6 mg./L) . Like podophyllotoxin, podo- 
phyllin completely inhibits the cleavage of some eggs at concentrations which only moderately 
delay the cleavage of the remainder. Quercetin (20 mg./L) more than doubles the time re- 
quired for cleavage while permitting all cells to cleave, and delays cleavage time 10 per cent at 
a much lower concentration (0.6 mg./L) . Podophyllotoxin delays cleavage lime 10 lier cent at 
0.07 mg./L and blocks completely at 0.5 mg./L. Thus these two compounds are more active 
than colchicine (m.w. 399), which acts at 10-80 mg./L. Rutin, which contains a quercetin nu- 
cleus (m.w. 664), delays cleavage very slightly at saturation. 

Other visible processes, e.g., activity of sperm and lifting of the fertilization membrane, 
proceed normally in podophyllin at concentrations as high as 100 mg./L. The cleavage furrow 
is unaffected, as evidenced by cleavage of eggs which have reached anaphase at the time of ex- 
posure to O.S mg./L of podophyllotoxin. 

Two other echinoderms are more sensitive to podophyllotoxin than is Arbacia, The mat- 
uration of Astcrias eggs is blocked completely at 0.01 mg./L. Cleavage of Echinarachmus eggs 
is slowed at 0.01 mg./L and blocked completely at 0.04 mg./L. 

The distribution of phosphorus in, the unfertilised egg of Arbacia pimctulata, 
Robert K. Crane. 

Mature, unfertilized eggs from freshly collected Arbacia contain a total of 130 milligrams 
phosphorus (Fiske and Subbarow) per gram nitrogen (Folin), or 0.31 milligram per cent of 
wet weight. 

Preliminary partition (expressed in milligrams phosphorus per gram nitrogen) : acid- 
insoluble, 35 (range 31-^9) ; acid-soluble, 53 (range 47-60) ; ether-soluble, S3 (range 40-66). 
Separate samples were used for each fraction. 
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Fractionation of acid-insoluble (Schmidt and Tannhauser, Jour. Biol. Chew ^ 161; 83, 
1945) : phosphoprotein, 27; ribonucleic acid, 65; and desoxyribonucleic acid, L5. 

Analysis of total acid-soluble was made on trichloracetic acid filtrates. Since echinochrome 
interfered with analysis of orthophosphate, an ammonium sulfate extract (Lowry and Lopez, 
Jour. Biol. Chem, 162; 421, 1946), free of echinochrome and proteins, was prepared. This 
yielded 35 milligrams phosphorus per gram egg nitrogen from suspensions which had total acid- 
soluble of 50; of the 35, 11 were inorganic (Lowry and Lopez), 14 w^ere liberated by 7-minute 
hydrolysis in 1 N hydrochloric acid at 100 degrees centigrade, 10 more by 100-minute hydrolysis. 
Total content cannot be analysed in ammonium sulfate solutions. 

For unfertilized eggs, a nitrogen ratio of 100 milligrams per gram dry weight has been re- 
ported. Suspensions in July (fresh urchins) confirmed, but those prepared in August (stored 
urchins) showed ratio as low as 55. 

Total phosphorus ratio (dry weight) increased with lower nitrogen. At nitrogen ratio 
of 55, total phosphorus approximated 17 instead of 13 milligrams per gram dry weight. 
Significant changes also occurred in fractions. 

Logarithmic curves relating total and fractions of phosphorus to nitrogen (dry weight 
basis) yielded straight lines. Extrapolation to 100 milligrams nitrogen per gram dry w^eight 
showed 13 milligrams total phosphorus per gram dry weight (0.1 X value based on nitrogen). 
Data w^ere insufficient for similar derivation of fractions. In the future, data will be thus 
graphically analyzed in belief that truer values than afforded by averages will be obtained. 

The author worked in the laboratory of Dr. Clowes and is grateful for many helpful 
suggestions 


A preliminary study of the vertical distribution of marine organisms in the Cape 
Cod area. Elizabeth M. Fahey. 

Intertidal marine organisms appear at low tide to be arranged in a number of superposed 
zones. Transects across these zones from the highest levels in which marine organisms appear 
to the lowest levels to which the tides recede have been studied, with the vertical distribution of 
the organisms found thereon recorded. Though the overall heights of the transects vary with 
the mean tide range from place to place, the data gathered from Plymouth, Provincetown, 
Lewis Bay (Hyannis), Nobska Point, Penikese Island and in Woods Hole correspond well as 
to the nximber of zones and in their approximate proportion to the height of the transect. 
Likewise, from place to place, these zones have had, at the same time of the season, about the 
same floristic and faunistic constitutions and the same positions in relation to each other. 

Data from a study of the repopulation of denuded transects at Nobska Point support the 
hypothesis that the organisms “seed’* onto the rocks throughout a greater vertical range than 
the same species occupy as adults. The primary repopulating macroscopic forms w^ere Liftorina 
littorea and species of Calothrix, Enteromorpha, and Polysip honia. 

Interaction between the implanted embryos and the internal orga^is of an adult 
teleost, Opsanus tan, Paul S. Galtsoff and Eugenia Galtsoff. 

Embryos of Opsanus tau, from 3 to 5 mm. long, introduced with aseptic precautions intra- 
peritoneally into an adult toad fish survive and attach themselves to the abdominal wall, liver, 
intestines and possibly to other organs. Normal development of the implanted embryo ceases, 
but the embryonic tissues continue to grow in an erratic manner forming teratomas. Embryos 
attached to the surface of the liver produced metastases w’hich invaded and destroyed the under- 
lying portions of this organ. Three week old tumors, growing in the liver, consisted of easily 
recognizable dements of connective tissue, blood, notochord, cartilage, and musde fibers. No 
traces were found, however, of the epidermis and typical mucus cdls present in the normal 
embryos. 

One encapsulated teratoma, attached to the peritoneum of the abdominal wall, produced 
no metastases. It consisted of various embryonic tissues and organs irregularly scatter^ within 
the capsule. 

None of the eight fishes used in the experiments died as a result of the operation. The be- 
havior of the operated fishes appeared to be normal. 
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From a preliminary study of the experimental material conclusion is drawn that the regu- 
latory mechanism responsible for the orderly development of the embryo ceases to function when 
the latter is implanted in the organs of an adult organism. Erratic growth of some of the 
embryonic tissues continues, however, and results in the destruction of the cells and tissues of 
the host. 

Altering the expression of position effect. W. Goodsmith and Taylor Hinton. 

Plum eye color in Drosophila mclanogaster is due to a complex inversion in the second 
chromosome. This “position effect’* when crossed to most stocks does not vary in ex- 
pression. However, when crossed to Inversion (2R)NS, offspring appeared with reddish, 
almost wild-type eyes and exceptional mottling of the pigment. An attempt was made to 
ascertain whether it was the inversion causing the modification of Plum or whether it was 
some other factor in that stock. Therefore, Inversion (2R)NS was extracted from the 
original modifying stock and incorporated into a new stock containing Inversion (2L)t, which 
does not modify Plum. This stock, In(2L)t, In (2R)N S/Ins (2L + 2R)Cy, was crossed to 
Plum and the majority (906) of^e offspring could be placed into 2 classes both phcnotypically 
and cytologically. These were: Ins(2L + 2R)Cy/Plum, giving a normal Plum eye color, and 
In(2L)t, In (2R)N S/Plum, giving a modified expression of Plum as previously described. 
Two additional types were produced (34 individuals) : one, a normal Plum without the Curly 
phenotype, and the second, a modified Plum with the Curly phenotype. Cytological analysis 
has shown these to be In(2L)t, In(2R)Cy/Pium, and In(2L)Cy, In(2R)NS/Plum, respec- 
tively. Therefore it can be concluded that the modifying effect is correlated with the presence 
of the (2R)NS inversion. It is conceivable that it is not the inversion per se but rather genetic 
modifiers wnthin the inversion which are responsible for the effect However, a series of 
chromosomal rearrangements recently obtained by irradiation include 3 which have the same 
effect upon Plum as does In(2R)NS. It would be too coincidental that in all of these a genetic 
modifier mutated simultaneously with the occurrence of a chromosomal rearrangement. There- 
fore, it is suggested that in several cases a chromosomal rearrangement has modifying effect 
upon another chromosomal rearrangement. Tentatively, this might be termed a “position effect 
upon a position effect.** 

Conditions affecting development of the male phase in Crepidula plana. Harley 
N. Gould, 

In previous studies the author concluded that development of the adult male phase in the 
sexual cycle of this species necessitated close association, but not contact, of the small potential 
males with larger individuals of the same species. W. H. Coe has since stated, however, that 
“neither in Crepidula plana nor in any of the other five species of that genus studied is associa- 
tion wdth other individuals a prerequisite for the development of the functional male phase.** 
To test this matter further, very young spat of Crepidula plana of one to five millimeters shell 
length which had not yet developed any external indication of sex were removed from the 
clusters growing in hermit crab shells and allowed to live in glass dishes with running sea 
water, free from any influence of larger individuals. 

Over 400 such specimens have been examined at ten-day intervals. Over 100 have to date 
been followed for more than forty days. Many have attained and passed the average size of 
males. No adult males have appeared in any of the cultures. An incomplete development of 
maleness, indicated externally by a stumpy rudiment of the penis, may appear transiently, usu- 
ally in about thirty days and in the case of animals of five to seven millimeters shell length. 
Individuals which have reached a shell length of fourteen or fifteen millimeters after forty days 
culture are of a size where female development may be under way. The condition of the gonads 
in this material will be reported later when microscopic sections are made. 

The effect of sulfhydryl inhibitors on the anaerobic glycolysis of scallop and thyone 
muscle. J. Harting, 

Steinbach and Kawata {Federation Proc., 3: 46; 1946) reported that iodoacetate accelerated 
the rate at which a cut surface of scallop muscle changed to restore the normal membrane con- 
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ditions, as indicated by measurements of the injury potential. Since iodoacetic acid is known 
to inhibit metabolic processes by combining with the — SH groups essential for enzyme activity, 
it was decided to investigate the effect of the sulfhydryl inhibitors on the glycolysis of scallop 
muscle. The striated portion of the scallop muscle was teased into thin strips and suspended in. 
van*t Hoff’s artificial sea water, containing 0.0238 M NaHCOj, 0.01 M glucose, and saturated 
with Na: COa (95 : 5), pH 7.2. The rate of glycolysis was measured manometrically at 26° C. 
with N^: COa as the gas phase. When the alkylating agents, iodoacetate (0.001 M) and iodo- 
acetamide (0.005 M ) , were added twenty minutes before manometric readings started, there was 
inhibition of glycolysis (COa output) about forty minutes later. When they were added one 
hour after the measurement of glycolysis started, there was a steady increase in COo output, 
which continued for one to two hours. In contrast to scallop muscle, the glycolysis of thyone 
muscle was inhibited by iodoacetate whether it was added before or during the measurement 
of glycolysis. lodosobenzoate (0.001 M), an oxidizing agent, and p-chloromercuribenzoate 
(0.001 M), a mercaptide-forming compound, produced an immediate increase in the glycolysis 
of scallop muscle. The increase in CO.> evolution in the case of these reagents was inde- 
pendent of the time at which they w’ere added, p-chloromercuribenzoate (0.001 M) also had 
a stimulating effect on thyone muscle. 

On the relation between oxygen consumption, jerfilhafion membrane formation, 
and cell division in artificially fertilised Arlmcia eggs. A. K. Keltch and 
G. H. A. Clowes. 

Oxygen consumption of sperm fertilized Arbacia eggs is about 2.7 times that of un- 
fertilized eggs under present conditions of experiment. This investigation is to determine (1) 
whether the same ratio obtains for artificially fertilized eggs and (2) whether any such in- 
crease in oxygen consumption is associated with (a) formation of a fertilization membrane 
or (b) subsequent cell division, or both. 

Artificial parthenogenesis was accomplished by exposing unfertilized Arbacia eggs for 25 
minutes to sea water to which sodium chloride had been added to give a concentration equivalent 
to 1.05 M NaCI. The egg-containing hypertonic solution was then diluted with 30 volumes of 
sea w^ater, the eggs allowed to settle, the supernatant fluid syphoned off, and the egg suspension 
once more diluted with 30 volumes of sea water, allow^ed to settle, decanted, and the eggs taken 
to a known volume of approximately 2 per cent. Equivalent concentrations of sperm fertilized 
eggs were subjected to the same series of procedures. Counts were made on both artificially 
and sperm fertilized egg suspensions, equivalent amounts were put in Warburg vessels for two 

Table I 

Oxygen consumption and per cent division of Arbacia eggs 
{A) sperm fertilised and (B) artificially fertilized 
(From previous work the oxygen consumption of unfertilized Arbacia eggs is 
from 1.5 to 1.7 c. mm. O 2 per hour per 10 c. mm. eggs.) 



In all cases the eggs gave 98 to 100 per cent fertilization membranes. 
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hours to determine oxygen consumption, and samples were removed to determine extent of cell 
division. 

The following table indicates that oxygen consumption was approximately the same for 
artificially and sperm fertilized eggs. This is extremely interesting in view of the fact that 
while in both the artificially anU sperm fertilized eggs membrane formation was from 98 to 100 
per cent, recognizable cell division never exceeded 45 per cent and was as low as 18 per cent 
in one set of artificially fertilized eggs. It appears, tlierefore, that the increase in oxygen con- 
sumption is associated with some change of condition of the eggs when the fertilization mem- 
brane has been formed and is not dependent on subsequent cell division. 


Effect of dinitrocresol on oxygen consumption and cell division in artificially fer- 
tilised as compared with sperm fertilised Arbacia eggs. A. K. Keltch, C. P. 
Walters, and G. H. A. Clowes. 

Certain substituted phenols stimulate oxygen consumption of sperm fertilized Arbacia eggs 
and, at concentrations giving optimum oxygen consumption, reversibly block cell division. 
This investigation is to determine whether the same effect is exerted on oxygen consumption 
and division of artificially fertilized eggs. 

Artificial parthenogenesis was accomplished as described in previous paper except that after 
25 minutes in hypertonic solution sample egg suspensions were diluted twice with 30 volumes 
sea water or sea water containing desired concentrations dinitrocresol before bringing egg 
suspensions to 2 per cent concentration. Equivalent samples of sperm fertilized eggs were sub- 
jected to the same series of procedures. Egg counts were made and two-hour oxygen con- 
sumption determined for artificially and sperm fertilized series in sea water and various con- 

Tablb I 

Stimulation by 4,6-dinitro~chcresol of oxygen consumption of Arbacia eggs fertilized by 
(A) sperm and (B) artificial parthenogenesis 
The figures presented in the table represent values of the ratio; 

oxygen consumption of tre ated eg gs ^ 
oxygen consumption of control eggs 
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centrations of dinitrocresol, counts made to determine extent of division, and samples returned 
to sea water to ascertain extent of recovery. 

The accompanying table shows that various concentrations of 4,6-dinitro-o-cresol gave ap- 
proximately the same percentage increase of oxygen consumption in artificially and sperm 
fertilized eggs. Furthermore, the block to cell division occurred at the same concentrations of 
4,6-dinitro-o-cresol and also of 2,4,6-trichlorophenol in artificially and sperm fertilized eggs. 
However, when returned to sea water after three hours* exposure to reagents, sperm fertilized 
eggs showed 100 per cent recovery in all concentrations, whereas artificially fertilized eggs* ex- 
posed to higher concentrations developed only to an abnormal, many-cell stage. 

Urea excretion in the smooth dogfish. Rudolf T. Kempton and Burton 
Steckler. 

Study of urea reabsorption by the kidneys of the smooth dogfish has yielded preliminary 
data indicating the magnitude of the reabsorptive process. As is well known, the elasmobranchs 
utilize high levels of blood urea as a mechanism of keeping their blood isotonic with sea water. 
The reabsorption of urea is a fundamental part of the method of maintaining this high blood 
level. 

Inulin clearance was used as a measure of glomerular filtration. Simultaneous urea clear- 
ance permits the calculation of the behavior of kidney in relation to urea as well as to water. 

In the series of experiments the plasma level of urea (plus ammonia) nitrogen averaged 
961 mgm.%, the equivalent in urea of more than 2 per cent. Plasma rather than whole blood 
determinations were made due to the impermeability to urea of the red cells of this species. 
Urine urea (plus ammonia) levels ranged from 24 to 73 per cent (average 48 per cent) of the 
plasma concentration. This fact gives clear indication that urea reabsorption is due to the 
activity of cells rather than to a passive back diffusion. 

^A^ile from 27 to 74 per cent (average 60 per cent) of the water in the filtrate was being 
reabsorbed, from 72 to 92 per cent (average 82 per cent) of the filtered urea was reabsorbed. 
The data thus far do not indicate any clear correlation between the t>\D processes. 

Calculations of the amount of reabsorption per 100 ml. of filtrate yield a comparatively 
constant value, ranging from 710 mgm. to 922 mgm. (average 808 mgm.). 

On the basis of these and earlier data on water reabsorption it is provisionally concluded 
that under the experimental conditions there is considerable variation in the number of active 
nephrons, both in different animals and in the same animal at different times. Further experi- 
ments are to be conducted to determine the limits of urea reabsorption and to determine whether 
this process is related to the reabsorption of other materials such as water and reducing sugar. 

The transient response of luminous bacteria to sudden temperature increments and 
related experiments on drug action and protein denaturation. G. L. Kreezer 
AND E. H. Kreezer. 

In a linear physical system, the determination of its transient response to a sudden dis- 
turbance supplies information about the internal organization of the system not obtainable from 
static measurements. The transient response refers to that portion of the response during 
which the system is changing from a preceding steady-state to that following the disturbance. 
The present experiments were undertaken to test the usefulness of such determinations of 
transient response in non-electrical biological systems. Suspensions of luminous bacteria {Achro- 
mobacter fisher ei) were subjected to sudden increments of temperature, and the rate of tem- 
perature rise and the associated rise in the brightness of the suspension recorded with amplifier- 
oscillograph equipment. These records show a definite lag in the luminescent response behind 
temperature. Supplementary experiments and computations indicate that the lag cannot be 
attributed to a lag in heat transmission through the suspension, or through the bacterial cell 
membrane. It seems necessary to attribute it to a lag occurring in the chain of chemical reac- 
tions underlying bioluminescence. Various chemical hypotheses are considered. 

Preliminary experiments were also performed on tiie transient decay of luminescence asso- 
ciated with the sudden application of various drugs (ethyl alcohol, urethane, sulphanilamide) . 
Transient response curves were obtained with time constants of the order of fractions of a second. 
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The results thus suggest that this procedure may provide a useful method for measuring the 
rate of action of drugs on living cells. 

In order to investigate similar phenomena in purely chemical systems, protein solutions were 
selected as offering suitable material. Preliminary experiments upon dilute solutions of serum 
albumin show that sudden increments of temperature produce an immediate and progressive 
increase in the turbidity of the solution, followed by apparently complete reversal on cooling. 
Further experiments on the *‘denaturation response curves” of different proteins, and the re- 
sponse to different denaturing agents are in progress. (These ^periments were aided by a 
grant from the Penrose Fund of the American Philosophical Society.) 

The effect of sinus gland extract on certain enzyme systems, Eloise Kuntz. 

The endocrine function of the crustacean sinus gland has been well established by numerous 
studies of its diverse effects on intact animals. This is a preliminary report on the effect of 
sinus gland extract on enz 3 rme systems. 

Extracts were prepared by suspending the glands in water, crushing them and then freezing. 
Several hours before use the extract was thawed and stored in the refrigerator. The animals 
used were lobsters, Homarus americanus, and the spider crabs, Lihinia dtibia and L. emarginata. 

The ability of tissue homogenates to utilize 2-6-dichlorophenol indophenol as a hydrogen 
carrier was measured and found to be no greater in the presence of sinus gland extract. One of 
the principal cellular constituents capable of reducing this dye is glutathione. The addition of 
an extract of sinus gland doubled the reducing ability of glutathione. Sinus gland extract alone 
did not reduce the dye. This suggested that the hormone may serve as a hydrogen carrier by 
reducing active groups such as sulfhydryls. 

The coupled oxidation-phosphorylation by a homogenate of Lihinia ventral nerve ring from 
eyestalkless animals has also been studied. In a system containing homogenate, adenylic acid, 
glutathione, arginine and inorganic phosphate the oxidation of Na succinate was used to supply 
the energy for the formation of arginine phosphate. This system binds inorganic phosphate in 
the presence of oxygea The rate of phosphate uptake is enhanced by the presence of sinus 
gland extract. In the absence of glutathione or oxygen organic, phosphate is hydrolyzed to 
phosphoric acid. In this reaction, too, the addition of sinus gland extract accelerates the 
breakdown of phosphate. These experiments indicate that sinus gland extract acts as an 
accelerator in both cases, but it apparently does not affect the direction of the reaction. 

Germ cell formation of Tuhularia crocea with special reference to the germ plasm 
theory, C. K. Liu. 

The formation of the male and female germ cells of the hydroid Tuhularia crocea has been 
studied with a view to test the germ plasm theory. In contradiction to Weismann^s hypothesis, 
the germ cells are of endodermal origin instead of ectodermal. No interstitial cells are involved 
in their formation, and there is neither early segregation nor migration of germ cell. The 
entocodon is formed by an apical proliferation and subsequent delamination of the endoderm 
of the gonophoral bud, which is nothing but an extension of the body wall of the hydranth. 
From the entocodon the germ mass is differentiated. The latter, however, has been found to 
develop not only into germ cells but also into scattered septum cells, whidi are not germinal, 
but somatic. The "germ plasm” therefore is originated from somatic cells and in turn gives 
rise to somatic cells in addition to germ cells. Regeneration experiments further indicate that 
the general somatic cells throughout the length of the stalk have the potentiality ’ of forming 
functional germ cells, male or female. All these go to prove that the “germ plasm” and soma 
remain permanently mixed with each other in the stalk tissue, and such a distinction is far- 
fetched and meaningless. The result of this study is therefore incompatible with the germ 
plasm theory. 

Observations on the hemolytic action of urea and sodium salicylate, Lois H. 
Love, W, E. Love and M. H. Jacobs, 

It has be^ suggested by Wilbrandt that the primary action of certain hemolytic agents on 
erythrocytes is a denaturation of proteins of the cell surface, resulting in a permeability to 
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cations followed by osmotic hemolysis, through the operation of the Donnan equilibrium. Ob- 
servations were accordingly made on the hemob^tic action of two agents known to be efficient 
protein denaturants, namely, urea in high concentrations and sodium salicylate. In general, 
both substances proved to be much more difficult to work with than butyl alcohol and sodium 
tautocholate, the behavior of which is discussed elsewhere. Part of the difficulty was due to 
the production of internal changes in the cells, which sometimes very obviously affected their 
osmotic properties ; part of it was due to the smallness of the difference in the exposures required 
to produce permeability to Na ions, on the one hand, and to sucrose molecules, on the other. 
With sufficient patience, however, it was possible with both agents to prepare cells which showed 
several of the osmotic characteristics of cation-permeable erythrocytes already discussed, namely, 
(1) hemolysis in NaCl and preservation in sucrose solutions, with a marked protective action 
of sucrose in mixed solutions, (2) a minimum rate of hemolysis in NaCl solutions at a pH 
near the isoelectric point of hemoglobin, and (3) a strong and rapid shrinkage of cells treated 
in NaCl or a mixture of NaCl and sucrose on being placed in pure sucrose isosmotic with blood. 
The shrinkage in a sucrose solution of this concentration was several times observed to restore 
to visibility er 3 rthrocytes that had already swollen to the point of invisibility, thereby giving rise 
to a type of “reversible hemolysis” somewhat different from the common one in which shrinkage 
is produced by a sudden increase of the osmotic pressure of the external solution. 

Effects of thiourea and phenylthiourea upon the development of Plethodon cinereus. 
W. Gardner Lynn. 

The Red-backed Salamander is unusual among amphibians in that it lays large-yolked, 
terrestrial eggs and has no aquatic larval stage. During development certain larval characters, 
such as external gills, appear transiently but these degenerate before hatching and the young 
salamanders emerge from the egg with the adult body form. In view of the well-known im- 
portance of the thyroid hormone in the metamorphosis of the larvae of ordinary amphibians, a 
study of the role of the thyroid in the precocious metamorphosis of Plethodon was undertaken 
through the use of thyroid-inhibiting drugs. 

Fifteen clutches of eggs were collected between July 2 and July 14 in rotting logs in the 
Devil’s Lane Tract near Woods Hole. At the early limb-bud stage the jeUy layers and vitelline 
membranes were removed and, for each clutch, some eggs were kept in tap-water while others 
were kept in 0.01 per cent thiourea or in 0.005 per cent phenylthiourea. Control animals devel- 
oped normally and underwent gill resorption and other metamorphic changes on about the 25th 
day. Experimental animals in both solutions retained the gills, failed to shed the larval skin 
and showed no differentiation of eyelids as long as treatment was continued. Cessation of 
treatment was followed by metamorphosis; gill resorption beginning within three days. It 
appears that, in Plethodon, the later stages of intra-oval life constitute a metamorphosis which 
is under thyroid control. By inhibition of the thyroid the metamorphic changes can be pre- 
vented and an “aquatic larva” is thus produced in a salamander which normally has no such stage. 

An additional effect of phenylthiourea was a depigmentation of the embryo involving both 
the skin and the pigmented coat of the eye so that animals kept in this drug were entirely with- 
out color. This effect is probably to be attributed to failure of melanin production through 
inhibition of tyrosinase. 

Are — SH groups involved in the penetration of glycerol into human red cells? 
A. K. Parpart, E. S. G. Barron and T. Dey. 

The apparent rate of penetration of glycerol into human red cells, as studied by hemolysis, 
is delayed by a number of compounds that inhibit the action of — SH groups (parachlormer- 
curicbenzoate; Hg; chlorpicrin; Cu). Other inhibitors have no such effect (paracarboxy- 
phenylarsenoxide ; Cd ; iodosobenzoate ; iodoacetamide) . Volume change methods for the study 
of the penetration of glycerol did not show any inhibition, except in the case of Cu. It is sug- 
gested that those inhibitors which are active do so through their action on the outward diffusion 
of hemoglobin in the hemolysis studies. Human red cells exposed for 30 minutes to para- 
chlormercuricbenzoate also show a delay for water and ethylene glycol hemolysis; a further 
confirmation of the above suggested mode of action. 
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A comparison of the energy requirements of the sand dollar and sea urchin eggs. 

W. A. Robbie, 

With respect to maintenance and the process of cleavage, marine eggs may be classified into 
three groups; (1) those that demand respiratory energy for both maintenance and cleavage; 
(2) those that need oxygen for cleavage but will survive without it; and (3) those that will 
both divide and survive under anaerobic conditions. These metabolic characteristics of the 
developing egg may be studied by experiments at low oxygen tensions or by cyanide inhibition 
of the heavy metal enzyme systems responsible for respiration. 

The sand dollar, Echinarachnius parma, is a good example of the type of egg that requires 
an aerobic system for both cell division and maintenance. Arbacia represents the second type, 
and Fundulus will survive and cleave in cyanide or in the low-oxygen bottom mud which is its 
usual environment. Experiments on Echinarachnius at the Mount Desert Island Biological 
Laboratory and on Arbacia at Woods Hole show that respiration and cell division are inhibited 
in both by low concentrations of cyanide. The striking difference is in the irreversibility of 
inhibition of respiration in the sand dollar egg, whether by oxygen lack or cyanide. One-half 
hour in one ten-thousandth molar cyanide results in eventual cytolysis of most of the eggs, 
whereas Arbacia will withstand 24 hours with no apparent ill effects. The coincidence of this 
cytolysis wdth the point of marginal inhibition of respiration by cyanide suggests that a meta- 
bolic factor is involved. 

The difference in the behavior of the Echinarachnius and the Arbacia egg may be due to 
the activity of a glycolytic system, since it has been shown that Arbacia eggs in cyanide produce 
lactic acid. This glycolytic process perhaps provides enough energy to maintain the egg during 
the period of respiratory inhibition. Glycolysis measurements on Echinarachnius have not yet 
been made. 

A new peritrich from Woods Hole. M. A. Rudzinska. 

During the month of August, while making daily inspections of material from live cars 
immersed in the Eel Pond, I found a peritrichous ciliate not yet described. Observations were 
limited due to the fact that only three individuals were found. 

These three ciliates, about 0.2 mm. long, -were attached to a tiny smooth stick with trans- 
verse stripes. The body form is cup-like and narrower at the anterior and posterior ends. The 
anterior region is conspicuously ciliated with one ring of long cilia which surround a very 
large cytostome. The cilia are in continuous movement. There is one contractile vacuole 
located near the cytostome. The posterior end has two pseudopodia like lamellae by which 
it is attached to the stick. The body is not contractile. 

These forms have a very unique movement along the stick. They go from one end of 
the stick to the other, stopping when they reach the end of the stick and tlien returning the whole 
length again. The form of the body does not change during this movement, nor do any con- 
tractions of the lamellae, by which they are attached, occur when they move. The motion is 
like a smooth, constant sliding. V^Tien removed from the stick they affix to the slip and stop 
moving. Only the cilia of tlie cytostome retain their movements. 

The above described, very diaracteristic motion was also observed by Dr. A. A. Schaeffer, 
and Dr. W. D. Burbanck. It is interesting to note that the individuals seen by these men were 
attached to the same sort of stick that I have described. 

It seems to me that the described peritrich belongs to the family Scyphididae Kahl because 
the posterior end is without stalk and they stick to objects by attaching lamellae. It is a new 
genus and a new species. 

I only had this material for a short time, and did not make stained preparations. More de- 
tails of the construction of the body will help to explain the unjisual type of movement. 

Androgenetic males and X-ray induced cytoplasmic injury. Anna R. Whiting. 

Unlaid eggs of wild tj^e Hdbrobracon juglandis females X-rayed in first meiotic metaphase 
"'(lethal dose 2,200 r), if unfertilized, develop into wild type haploftd gynogenetic males; if 
fertilized by untreated sperm with recessive factors they develop into wild type diploid females 
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or recessive haploid androgenetic males. Unlaid eggs X-rayed in first meiotic prophase (lethal 
dose 48,000 r) behave in the same manner except that no androgenetic males are produced. 
Androgenetic males appear to arise through retardation of the egg pronucleus by chromatin 
bridges, numerous after treatment of metaphase I. These bridges are formed but rarely after 
treatment of prophase I and, when present, are not numerous enough to retard female pro- 
nucleus. In spite of the extreme sensitivity of metaphase I eggs, androgenetic males develop 
in them when they are irradiated with doses up to lethal for prophase I, about twenty-two times 
their own lethal dose. At doses above this none has been produced. Their number decreases 
as the prophase I lethal dose is approached. This indicates cytoplasmic injury at high doses. 
Two factors, then, are involved in development of androgenetic males, (1) injury to the egg 
chromosomes favoring their production, (2) injury to the cytoplasm inhibiting it The dose 
at which these two effects “cross,” marked by highest production of androgenetic males, is about 
12,000-15,000 r. At about 48,000 r cytoplasmic injury completely dominates the former. 


Action of X-rays on mating types and conjugation of Paramecium bursaria. 

Ralph Wichterman. 

Opposite mating types of the green Paramecium, P. hursaria, highly reactive for the mating 
reaction were irradiated in celluloid boats at dosages ranging from 100,000 to one million roent- 
gens. Irradiation affects the mating reaction, destroys tlie zoochlorellae and delays and lengthens 
conjugation. 

When opposite mating types are irradiated up to 300,000 r and mixed, only small clumps 
of usually less than a dozen paramecia are formed instead of the large clumps of a hundred or 
more shown in the controls. The mating reaction does not result in the immediate formation of 
joined pairs in conjugation after irradiation. However on the day following irradiation, small 
clumps are formed again w’hich then result in conjugating pairs for those irradiated up to 

200.000 r; a second day must elapse for conjugation to occur in those irradiated with 300,000 r. 
When paramecia of one mating type are irradiated up to 300,000 r and mixed with unirradiated 
paramecia of the opposite mating type, clumping occurs similar to that of the controls but 
does not result in conjugation until the following day. When both mating types are irradiated 
with 400,000 r and 500,000 r respectively and mixed, the mating reaction is slower and the 
number of paramecia in clumps smaller. The mating reaction is temporarily stopped with 

600.000 r, but small clumps are formed three days after irradiation. In these higher dosages, 
the conjugation lag increases; with mating types irradiated with 600,000 r, conjugating pairs 
are not formed until 12-14 days after irradiation although clumping occurs earlier. 

Animals of opposite mating type when irradiated with 700,000 r and then mixed show no 
mating reaction but do so when mixed with unirradiated paramecia of opposite tspe. At this 
dosage and up to one million roentgens paramecia live for a time but do not survive. At 600,000 
r and less, many paramecia not only survive but after a lag period have a fission rate similar to 
the controls. 

A method is now available for obtaining colorless, zobchlorellae-free races of P. hursaria 
which occur with rarity in nature. Dosages of 300,000 to 600,000 r destroyed the zoochlorellae 
and when the irradiated specimens were isolated, new clones of zobchlorellae-free paramecia 
were obtained. After two weeks, these clones of irradiated and colorless P. hursaria of a 
given sex type were mixed with typically green specimens of opposite sex type. Mating and con- 
jugation followed. The sex type of irradiated zoochlorellae-free paramecia was the same as 
before irradiation. 

Unirradiated paramecia not only survive but reproduce in clone cultures which had been 
irradiated with one million and less roentgens, hence such fluid does not appear to be toxic 
to the organisms. 

There is clear evidence of a difference in susceptibility to roentgen rays in the mating types 
tested. 

Irradiated conjugants (300,000 r) remain together much longer in sexual union than 
those of the controls ; a smil percentage are unable to survive. 

Dosages of 100,000 r stimulate activity of the paramecia but higher ones progressively re- 
tard locomotion, markeiy increase the viscosity of the cytoplasm and produte small, clear 
vesicles (hyaloplasm) on the pellicle which then pass into the culture medium. 
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Effect of temperature on light absorption by the cell-free coelomic fluid in Phasco- 
losoma gouldiL Charles G. Wilber and Ruth P. Alscher. 

Very little is known concerning the physical characteristics of invertebrate body fluids. 
In an attempt to ascertain the relationship of invertebrate fluids to those of higher animals, a 
series of experiments was made to test the effect of heating on the absorption of light by the 
cell-free coelomic fluid in Phascolosoma gouldii, Coelomic fluid was removed from the worms, 
centrifuged, and the cell-free supernatant fluid sealed in carefully matched soft glass test tubes. 
Some of the tubes were heated for 5 minutes in a carefully controlled water-bath at temperatures 
from 24® C. to 90® C. ; others were heated at similar temperatures for 20 minutes. The ab- 
sorption of light by the heated fluids was compared with that of distilled water in an electric 
photometer. If the value recorded on the photometer is plotted against temperature, evidence 
of a decrease in light absorption at about 40® C. followed by an increase beginning at 50® C. is 
obtained. A graph obtained by plotting optical density against temperature indicates that the 
density decreases at about 40® C. but suddenly increases rapidly at about 50® C. Apparently, 
there are 2 critical temperatures for the cell-free fluid in Phascolosoma: (1) 40® C. above which 
heating brings about a decrease in particle size, with resulting decrease in light absorption ; (2) 
SO® C. above which particle size is increased, with resulting increase in light absorption, pos- 
sibly by intramolecular hydration. The consistent preliminary decrease in absorption of light 
between 40® and 50® C., w’hich is found in the fluid of Phascolosoma, does not obtain in horse 
serum (see DuNouy, 1945, The critical temperature of serum). 

Observations on the hemolytic action of sodium taurocholate. Marian Willis, 
W. E. Love and M. H. Jacobs. 

The effects of hemolytic concentrations of sodium taurocholate on mammalian erythrocytes 
can be stopped short of hemolysis by suitable dilution with 0.3 M sucrose. Cells so treated 
can be kept with little change for hours. They show permeability to non-electrolytes that can 
be regulated within fairly wide limits by the concentration of taurocliolate employed and to a 
lesser extent by the length of exposure. Too great an exposure may produce a permeability 
even to sucrose. 

Taurocholate-treated cells give osmotic evidence in the foliowring ways of an induced perme- 
ability to cations, the degree of which can also be varied by the character of the exposure: (1) 
immediate rapid shrinkage in pure sucrose solutions isosmotic with blood, (2) swelling and 
hemolysis in NaQ solutions of any strength, (3) a protective effect in NaCl solutions of low 
concentrations of sucrose, (4) shrinkage followed by recovery to more than the original volume 
on the addition of concentrated NaCl to cells in an appropriate mixture of NaCl and sucrose, 
and (5) a minimum rate of hemolysis of previously treated cells in NaCl solutions near the iso- 
electric point of hemoglobin. 

While the swelling of cation-permeable cells is favored by increasing alkalinity above the 
isoelectric point of hemoglobin, as demanded by the Donnan principle, the production of a con- 
dition of cation-permeability by taurocholate falls off rapidly as the pH rises. The simultaneous 
existence of these two dissimilar types of action results in a somewhat complex overall pH 
effect It also explains the observation of Ponder that according to the time of its addition 
alkali may either increase or decrease the rate of taurocholate hemolysis. 

Native protein networks and biological morphology, Dorothy Wrinch. 

A major problem of biological morphology is the explanation of the relationship between 
the characteristic gross morphology or ‘*habit” of an organism and its atomic structure. In 
mineralogy there is a comparable passage from the world of angstroms and the atomic pattern 
of a crystal to the visible level and crystal **habit." A possible approach to the biological prob- 
lem may be suggested according to which the parallel use by biologists and mineralogists of the 
term habit is not just a coincidence, but the key to the problem. 

^ According to the native protein theory of the structure of cytoplasm, (1) the essential 
entity is a network of protein units of low connexity running throughout the organism, unicellular 
or multicellular, the plasma membrane of each cell being a localized “skin" of higher connexity ; 
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and (2) the interlinkings of the protein units, with or without non-protein units as inter- 
mediates, are of the degree of precision achieved by intermolecular associations in crystals 
(Wrinch, Cold Spring Harbor Sym., 9: 218; 1941; Collecting Net, 17: 83; 1942). We now 
suggest that the non-protein material secreted, e.g., the successive siliceous shells of diatoms, 
and cellulose shells of desmids, the calcium carbonate shells of corals, are laid down on the 
plasma membranes with the same crystal-like precision, so that such structures may be viewed 
as intergrowths onto the underlying netw’ork of functional proteins, on which biological specific- 
ity depends, of essentially the same structural nature as the intergrowths of inorganic crystals 
^c.g , quartz onto calcite). 

The “symmetry’^ of living organisms discussed by biologists in the branching of trees and 
corals, phyllotaxis, etc., is not symmetry in the classical sense: the actual point symmetry in 
each such case is a totally inadequate description of the morphological situation. Rather is it 
of the type encountered in such complex intergrowths as the dendritic forms, frequently en- 
countered with gold, copper and other species, especially those belonging to the cubic system 
{Dana's Mineralogy, 1922; p. 173). As is well known, twins and other mineral intergrowths 
are, in many cases, direct indications of a major atomic theme of high symmetry (Wrinch, 
Am. Mineral, in press). Correspondingly a diatom shell is, like a snowflake, a significant 
complex of intergrowths, not a single crystal. Its biological essence resides in its relation to 
the underlying atomic patterns of the proteins in the plasma membrane and a cubic skeleton for 
protein molecules (Wrinch, Biol. Bull., 89: 192; 1945) provides living matter with just such 
a major theme. 


PAPERS READ BY TITLE 

Pcnneahility of eggs of Arbacia pimctulata to radioactive phosphorus. Philip H. 
Abelson. 

Studies have been made of the permeability of unfertilized and fertilized eggs using radio- 
active phosphorus. Eggs in batches of 100,000, obtained by the conventional techniques, were 
exposed to filtered sea water containing 5.8 X 10-® mg. phosphorus in the form of NajHP 04 
per 100 cc. for varying periods of time. Aliquots of the eggs were washed four times under 
conditions which insured removal of all supernatant solution and freely diffusible phosphate. 
In the case of fertilized eggs, studies were made both at 10® C. and at 23® C. In addition the 
effect of a metabolic poiso n - - d -6 dinitro-o-cresol — ^was observed. The generalized conclusion 
was that phosphorus t^e-up of the eggs was quite closely connected to cellular activity. Thus 
the amount of phosphorus taken up by the fertilized eggs was 40-fold greater than that of 
unfertilized eggs. It is interesting to note that oxygen metabolism has been found to differ by 
only a factor of three in this case. At dO® C. the amount of phosphorus found in the eggs was 
only one-seventh that found for a similar exposure at 23® C. As is well known the relative 
times for first cleavage are also about the same factor different. When 1.6 X lO-^ molar 4-6 
dinitro-o-cresol is present oxygen metabolism is about doubled while cell division is almost 
stopped (Krahl, M. E., and G. H. A. Qowes, Jour. Gen. Physiol., 23: 413; 1940). Under 
these circumstances phosphorus take-up was diminished by a factor of six. A survey of the 
fate of the radioactive phosphorus taken in at 23® C. showed that most went into the “acid 
soluble fraction” (phosphorus compounds soluble in 5 per cent tri-chlor acetic acid). With 
short exposures to radioactive phosphorus the “acid soluble fraction” contained ten times as 
much activity as the “acid insoluble fraction.” Most of the “acid soluble fraction” was in the 
form of organic phosphate. One interesting feature was that the phosphorus uptake did not 
increase immediately after fertilization. A transition period of seven to ten minutes elapsed in 
which a new level of phosphorus intake was attained. One hour after fertilization the amount 
of traced phosphorus per million eggs (74 /i diameter) was 1.0 X 10-® mg. The rate of in- 
crease was 2.0 X 10“® mg. per million per hour. This rate remained constant during the next 
four hours. 

Photosynthesis of Ulva. Mary Belle Allen. 

The green marine alga Ulva lacUtca has been found to possess properties which make it a 
highly desirable organism for studies of photosynthesis. Thallae can easily be washed free 'of 
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possible bacterial contamination and cut into small pieces for manometric measurements The 
maximum rate of photos3rnthesis in 0.1 M KHCO3 in sea water is 2.5 mm.s oxygen/min./7 
nitrogen, as compared with 0.03 mm.^ oxygen/min./7 nitrogen under similar conditions for tiie 
algae commonly used in physiological studies, Chlorella pyrenoidosa and Sccnedesmus obliquus. 
The respiration of freshly collected samples is less than one per cent of photosynthesis, while 
in Chlorella and Sccncdcs^nus respiration is 5-10 per cent of photosynthesis. When Ulva is 
kept in the laboratory for several days, even in running sea water, the rate of photosynthesis 
drops and respiration increases. Fresh samples are extremely resistant to cjranide, photo- 
ssmthesis being unaffected by 0.001 M KCN and only 60-75 per cent inhibited by 0 01 M KCN 
Old samples, with low^er rates of photosynthesis, are more cyanide sensitive. 

When a sample of Ulva which has been illuminated is placed in the dark, evolution of 
oxygen and uptake of carbon dioxide continue. The rate of oxygen evolution and carbon di- 
oxide absorption slowly falls off in the dark, the time required for decay depending on the rate 
of photossmthesis. Two hours is required for the gas exchange of a fresh sample to fall to 
zero in the dark, while with old samples the effect is over in 10-15 minutes. The photo- 
S3mthetic quotient measured by the Warburg indirect method is 1.05 + 0.06 during illumination 
and 0.98 + 0.03 during the period of oxygen evolution and carbon dioxide uptake in the dark 
follow^ing illumination. The intermediates of photosynthesis in Ulva must iiierefore be much 
longer lived than those in most plants, perhaps because they are not as rapidly removed by 
respiratory reactions. 

Chromoproteins in the tentacles of Physaha. Eric G. Ball and Octavia Cooper. 

In a study initiated to learn the nature of the toxic substance present in the stinging ten- 
tacles of Physalia several chromoproteins have been separated. The ground tentacles are ex- 
tracted with water, centrifuged, and to the turbid bluish black supernatant ammonium sulfate 
is added to 35 per cent saturation. A heavy purplish-brown precipitate is centrifuged off. 
Further fractionation of this precipitate or characterization of its color has proved difficult. 
The bluish-green supernatant is brought to 60 per cent saturation with (NH,)2S04 and centri- 
fuged. The colored precipitate is dissolved in water and dialyzed until salt free. A light blue 
precipitate forms, leaving a clear yellowish-green supernatant 

The blue precipitate can be dissolved in 0 9 per cent NaCl solution to give a slightly turbid 
solution with an absorption peak at 580-600 mjj, Acid ethyl alcohol added to the blue precipi- 
tate denatures the protein and yields a clear green solution with absorption maxima at X 700 mju 
and 370 m/x. Treatment of the blue protein precipitate with neutral ethyl alcohol denatures 
the protein but extracts very little color. Extraction of the precipitate now with 0.1 M phosphate 
buffer, pH 6.8, yields a clear blue solution of the prosthetic group with a well defined absorp- 
tion peak at X 585 m/t. This suggests that the blue form of the prosthetic group exists as a 
salt and that its combination with protein may involve a salt linkage. Tests for Cu and Ni gave 
negative results. 

The greenish-yellow solution obtained after dialysis shows an absorption peak at X 450 mfj. 
All attempts to obtain its prosthetic group in solution free of its protein carrier lead lo com- 
plete destruction of the color. 

Solutions of both of these colored proteins exhibit lethal properties upon injection into 
Fundulus. Heat destroys these toxic properties. However, proof that the toxic action of the 
tentacles is due to these chromoproteins must await further work. 

Effects of hydrogen ion concentration and of certain buffer systems upon the 
luminescent reaction of Cypridina luciferin and luciferase, Aurin M. Chase, 

Luciferin, extracted from the ostracod crustacean, Cypridina hilgendorfii, was carried 
through two cycles of purification by Anderson's procedure (Jour. Gen. Physiol., 19: 301; 
1935. Luciferase, from Cypridina, was partially purified by dialysis. 

The luminescent reaction, measured by Anderson's method (Jour. Cell. Comp. Physiol, 
3: 45; 1933), was studied from pH 5.5 to 8.7, Three buffer systems were used: KHaPO^ 
NaaHPO*, NaHaPOrNaaHPO* and KHaP04-KaHP04; all 0.067 M for phosphate and 0.01 M 
for sodium chloride. Attempts to extend the pH range with borate and barbiturate buffers 
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were abandoned because the borate radically altered the luminescent reaction and the barbiturate 
abolished it. 

Two distinct effects of pH were found, one upon the total light of the reaction and the 
other upon the first order reaction velocity constant. 

Total light decreased with increasing pH, to a value at pH 8.7 about 20 per cent of that 
at pH 5.5 This effect was not due to non-luminescent oxidation of part of the luciferin during 
the reaction as in the case of temperature (Chase and Lorenz, Jour. Cell. Comp. Physiol., 25 : 53 ; 
1945), but apparently to a specific effect of pH upon the light-emitting system analogous to 
salt effects found by Anderson Uoiir. Amer. Chem. Soc., 59: 2115; 1937). 

The velocity constant of the reaction was maximal at about pH 7.2. It decreased to about 
50 per cent of the maximal value at pH 8.7 and to about 15 per cent of the maximal value at 
pH 5.5. 

At any given pH the velocity constant of the reaction (but not the total light) was affected 
by the sodium : potassium ratio of the phosphate buffer. For example, at pH 6.8 the velocity 
constant was measurably greater with the KHaPO^K^HPO* buffer or with the NaH.PO*- 
NaaHP 04 buffer than with the KHjP 04 -Na 2 HP 04 . This would seem to indicate some sort 
of sodium-potassium antagonism in this enzyme system. 

Retardation oj Arbacia egg cleavage by dinofiagellate-contauiinated sea water (red 
tide). Ivor Cornman. 

Two specimens of “red tide*’ were generously supplied by Dr. P. S. Galtsoff, Director of 
the U. S. Fisheries Laboratory, Woods Hole, Massachusetts. 

An untreated decomposing sample of sea water taken from an area stained red by 
Gymnodinkm when diluted 1 ; 10 retarded Arbacia egg cleavage by one hour — 100 per cent in- 
crease in cleavage time — ^if added 10 minutes after fertilization. When most of the HjS was 
pulled off with a vacuum pump, the delay at 1 : 10 was only 3 minutes and at 1 : 5 was 15 
minutes. Four days later all odor of HjsS was gone, but retardation was essentially the same, 
9 per cent at 1 : 10 and 27 per cent at 1 : 5. Cytolysis resulted from exposure to 1 : 2. This 
inhibitory potency is equal to that of crude filtrate from some Penicillimn cultures. This sea 
water sample killed Fundulus in 2 hours at 1 : 2 and in 5% hours at 1 : 10. A “red tide” plank- 
ton sample suspended in sea water and preserved with CHCL was evacuated until no odor of 
CHCI3 remained. At 1 : 10 this retarded cleavage 10 minutes. Fundulus in this sample diluted 
with an equal part of sea water lost equilibrium and became sluggish in 2 hours, and in 6 hours 
at 1 : 10. They recovered motility in fresh sea water, but subsequently died. There appears to 
be some parallel between the toxicity to fish and to dividing eggs, but whether the same poison 
acts upon both and whether decomposition plays an important role remain to be determined. 
Studies conducted near the site with fresh samples of sea water and dinoflagellates should 
prove more helpful if uncontaminated test organisms are available. 

Abnormalities of mitosis in tail-tips of Tjntimis torosus, Donald P. Costello 
AND Catherine Henley.^ 

The material of this study consisted of 485 larvae developing from a batch of eggs of 
Triturus torosus shipped by express from Stanford University, California to Chapel Hill, North 
Carolina, in the usud type of thermos jug used for embryological materials. These larvae 
were raised under normal .laboratory conditions. At the appropriate stage, the tails were clipped 
and prepared as whole mounts for cytological examination. Three additional successive clippings 
of the regenerated tails of the surviving larvae were performed at approximately 12-day in- 
tervals, during the period of daily feedings following yolk resorption, giving a total of 1,252 
tail-tip preparations. The first regenerates are the best preparations. These (and others) 
show an unusually high percentage of cytological abnormalities of the types described by Al- 
berti-Politzer (1923, 1924) after X-ray treatment of the comeal epithelium of Salamandra 
maculosa. The resting nuclei are of various sizes and forms, maldng it impossible to use 
nudear size as a criterion of heteroploidy. Fragmentation of resting nudei, and nuclear necro- 
sis, with the production of numerous small basophilic areas, are among the causes of variation 

1 Aided by a grant from the Carnegie Research Fund of the University of North Carolina, 
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in nuclear size. Numerous mitotic abnormalities were also observed. These include: multi- 
polar spindles; spindles from which chromosomes have been lost; lagging chromosomes and 
lagging or lost chromosome fragments at anaphase; bridges between anaphase or telophase 
chromosome groups, or between daughter nuclei; basophilic granules (chromatin?) outside 
spindle, etc. The chromosomal condition of these tail-tips includes euploidy and aneuploidy, a 
remarlable number showing mosaic areas. A preliminary survey of these mosaics reveals at 
least the following types: haplo-diploid ; hypodiplo-diploid ; hyperdiplo-diploid ; diplo-triploid ; 
diplo-tetraploid ; diplo-pentaploid ; diplo-hexaploid; diplo-octoploid. 

Before attributing these cytological anomalies to any specific cause it is necessary to make 
a survey of natural heteroploidy in material collected and fixed in California. 

A new form of the hydroid Stylactis. Sears Crowell. 

Stylaciis arge Qarke and 5*. hooperi Sigerfoos have not been critically compared so there 
is doubt as to their specific distinctness (for references see C. M. Frazer, Hydroids of the 
Atlantic Coast of North America). In late July this year Mr. Milton Gray collected and 
brought me a specimen of Stylactis, found growing on a Mytilus shell at Woods Hole. I have 
compared it witib specimens on shells of Nassa (Ilyanassa) obsoleta. 

In the following respects it differs from the typical S. hooperi as obsejwed on Nassa: (1) 
Spines are absent. (2) The tentacles may be visualized as . . arranged in two verticils . . . 
those of the lower circlet sometimes shorter than those of the upper one,” as described for S. 
arge by Clarke. (3) Gonophores are not directly below the tentacles but about one-third the 
distance from tentacles to base, as indicated in Clarke*s figures of 5*. arge, (4) Tentaculo- 
zooids, not hitherto reported in the genus, are scattered among the other hydranths. These 
zooids are not enlarged terminally, not capable of forming a spiral, and not so long, when 
extended, as the largest gastrozooids. 

The specimen differs from S, arge of Qarke in having shorter hydranths than his illus- 
trations indicate, and more tentacles than he states are present. However, his description is 
equivocal on both points. 

The specimen may be interpreted in one of three ways: (1) It may be S, arge. (2) It 
may be a new species. (3) It may illustrate the variation in a single species, as is likely true 
of Stylactis arge and S. hooperi. 

The effect of X-rays on chromosomes and nucleoli in ovarian eggs of the sala- 
mander, TriHirus pyrrhogaster, William R. Duryee. 

The giant chromosomes of Triturus pyrrhogaster ovarian eggs react to X-irradiation in 
the same way as previously determined for those of the frog. 

Four criteria of X-ray damage have been found. These are: (a) fragmentation of the 
chromonemata, (b) progressive disintegration of the lateral chromomere loops, (c) colloidal 
changes in nucleoli, and (d) gel — » sol transformations in the central nucleoplasmic chromosome 
frame. High intensity radiation at the approximate rate of 6,120 r/min. was employed in 
dosages graded from 10,000 to 70,000 r, with the majority of the experiments at the 60,000 r 
level. Whole eggs were exposed in ordinary Amphibian Ringer buffered to pH 7.6, while 
isolated nuclei and and nuclear-free brei were irradiated in Ca-free N-medium (NaCl 0.66 g., 
KQ 0.014 g., dist. H,0 100 cc.). 

Multiple fragmentation of chromosomes appeared immediately following as little as 30,000 r. 
With 60,000 r or more 30-50 chromosome fragments could be found in each nucleus. The aver- 
age fragment was of the order of 45-50 mg, in length, as compared with normal chromosomes 
180-700 mg long. Within these dosage limits, degree of fragmentation was roughly propor- 
tional to the amount of radiation. Some changes in lateral loops could be detected with as 
little as 10,000 r. By 30,000 r nearly all lateral loops had been stripped from the chromonemata, 
leaving the 13 chromosome pairs appearing as granular cylinders. Following exposures to 
greater dosages (30,000 to 60,000 r) large numbers of loop fragments were observed through- 
out the nucleoplasm surrounding the chromosomes. Above 60,000 r nearly all loop fragments 
had dissolved into numerous granules or micronucleoli (0.5-2.0 m^Lt diameter). 

Nucleolar changes were strikingly evident. While normal Stage 4 nucleoli were clear 
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polygonal or irregularly oval bodies, irradiated nucleoli had large vacuoles and ^ranuto inte- 
riors. Irradiation increased the normal average size from 15-20 mu diameters to 30-45 mfx- 
Following the higher dosages clumping of nucleoli into masses over 150 mfj, in diameter was 

frequent. * a u * v 

Changes in colloidal condition of chromosome frame substance were recognized by sinKing 
and displacement of chromosome pairs. Solvation of the supporting gel usually required at 
least 50,000 r. 

Eight sets of isolated nuclei w’ere irradiated directly with 60,000 r. One set was given 
100,000 r. In contrast to effects obtained with whole cells, all chromosomes were found normal 
in length and no evidence of fragmentation could be detected. Even with the highest dosage 
lateral loops were only partially dissolved. Nucleoli occasionally appeared vacuolated, clumped 
and with surface markings. Solvation of chromosome frame substance occurred in 80 per cent 
of directly irradiated nuclei. ^ i • 

Four other permutations of these conditions w’ere examined; (a) non-irradiated nuclei 
exposed to normal cell brei, (6) non-irradiated nuclei exposed to X-rayed cell brei, (c) expo- 
sure of normal eggs to irradiated Ringer solution, and (d) non-irradiated nuclei exposed to 
alkalinized normal Amphibian Ringer, pH 8.0. In (a) no marked changes occurred until after 
12 hours when slight vacuolization of nucleoli and some lateral loop damage was found. Ir- 
radiated brei, on the contrary, in less than 1 hour dissolved the lateral loops, vacuolated the 
nucleoli and displaced the chromosomes, but did not cause fragmentation. Irradiated 
produced no significant changes in whole cells. How^ever alkalinized Ringer alone hydrolyzed 
lateral loops, caused nucleolar vacuoles and solvated the chromosome franie. 

It is concluded that high dosages of X-irradiation will cause immediate fragmentation of 
egg chromosomes, loss of lateral chromomere loops and vacuolization of nucleoli when the 
nucleus is in the cell. On the other hand isolated nuclei and chromosomes do not react markedly 
when irradiated directly. Intermediate degrees of nuclear damage between the above extremes 
may be produced by exposure of non-irradiated nuclei to X-rayed cytoplasm or simply to alka- 
linized Ringer. These data are consistent with a hypothesis that X-ray damage to nucl^r 
components is not primarily a direct effect, but an indirect one, probably caused by chemical 
changes in the cytoplasm. 

The chromosome number oj Triturus torosus. Catherine Henley and Donald 
P, Costello.^ 

A total of 1,497 permanent whole-mount tail-tip preparations were made of the original 
and regenerating tails of 763 control and 14 experimental (cold-treated) Triturus torosus 
larvae. These included 244 larvae fixed in California and 533 shipped by express to Chapel 
Hill. A preliminary survey of the mitotic figures on these preparations has been made, and 
126 metaphase chromosome groups studied and drawn. Many of these figures are from larvae 
with apparently normal diploid tail-tips throughout (criteria; nuclear size and normal mitotic 
figures), others from tail-tips showing obvious mitotic abnormalities (see abstract by Costello 

and Henley). ^ ^ ^ * 

Since the chromosome number of this sp^ies has not been recorded, it is of interest to 
present the data on the 126 chromosome counts made to date. Six metaphases of four individ- 
uals which were obviously haploid showed 11 chromosomes. The remaining individuals in- 
cluded larvae which were diploid, triploid and mosaic heteroploids. Sixty-four of the metaphase 
figures from these had 22 chromosomes; eleven, 21 chromosomes; nine, 23 chromosomes; ten, 
24 chromosomes. In five triploid figures, 30 or 31 chromosomes could be counted. In tetra- 
ploid and pentaploid figures, 42 and 51 chromosomes, respectively, were seen. The remaining 
counts varied from 15 to 27 chromosomes. 

In crowded figures, chromosome counts are likely to be too low rather^ than too high. 
Since we frequently observed indications of chromosome elimination and lagging at anaphase 
in the abnormal tail-tips, it is likely that many of the figures examined were h^o-^ or hyper- 
diploid. In general, the evidence is in accordamce with the conclusion that the diploid chromo- 
some number of Triturus torosus is 22. 

1 Aided by grants-in-aid from the Carnegie and Smith Research Funds of the University 
of North Carolina. 
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Polyphyodonty in the dogfish y Musfeliis canis. John D. Ifft and Donald J. 

ZiNN. 

The commonly accepted theory of tooth replacement in sharks describes them as moving 
forward from behind to replace those lost in front. This theory has been denied in recent years 
by Cawston. Since no direct observations of replacement apparently exist it was thought to 
be of some interest to determine experimentally the manner of replacement. 

In one group of smooth dogfish two rows of teeth in the center section were extracted. 
All of the teeth back of the extracted area and alf of the lateral teeth, except for the^ remaining 
ones of the first two rows, were marked with silver nitrate. In twenty-three days in some of 
the animals all of the teeth were replaced; in others only one row was replaced. The replaced 
teeth, as well as the rows lateral to them, had silver nitrate markings indicating that all of the 
teeth had rolled forward. Sections show that tooth buds are produced only in back of the entire 
erupted tooth area and not in any other location. 

In another group the tooth-bud area was cauterized and as a result tooth replacement was 
inhibited. In others, triangular areas of teeth were extracted and replacement occurred with- 
out disruption of the normal arrangement of the teeth. All of the evidence seems to indicate 
that the original polyphyodont theory of tooth replacement is correct. The rate of replacement 
is apparently variable. 

A method to immobilhe fish for cardiac and other experiments with procaine, 

Bruno Kisch. 

The well known difficulty of performing cardiac experiments on fish was overcome with the 
following method of a preparation of the immobilized animal, practical without any loss of blood. 

The animal is placed on its stomach. With a syringe and a 20 gauge medical needle for 
intravenous injections the skull is pierced somewhat caudally of the middle of a line connecting 
both eyes. According to the size of the fish % up to 1 cc. 5 per cent solution of Novocain 
(Procaine hydrochloride) is injected intracranially and the needle removed. 

The fish is immobilized and apparently also anesthetized satisfactorily within a few minutes 
and the effect lasts from % to 1 hour. A 1 per cent solution has no satisfying result but pro- 
duces especially in dogfish with surety a long lasting nystagmus. A 10 per cent solution is 
dangerous because it more often kills the animal. Between 3 and 7 per cent is the most favor- 
able concentration. The animal continues to breathe and if the head is submerged in a small 
seawater tank the heart can be used for a long time for experiments. If the fish is kept with- 
out water the heart beats also for a long time well. Intracranial injection of the same amount 
of saline or l^ertonic saline solution has no similar effect. 

The usual fenestration of the chest lias to avoid lesions of the vessels to avoid loss of blood. 

If the animal narcotised in this way (especially dogfish) is not operated on but brought 
back into the seawater tank it shows long lasting undulatory movements of its body, does not 
react to stimuli but recovers after about 1 hour completely. Wliether the procaine during this 
time is reabsorbed or destroyed by a procaine esterase could not yet be ascertained. 

This method will be useful for other experiments too; for instance, for metabolic investi- 
gations on the muscle or electric organ. 

Cardiographic studies on the heart of fish, Bruno Kisch. 

Different species of fish (Selachiens and Teleostei) were investigated electrographically 
with so-called unipolar leads, the exploring electrode being placed on the surface of the heart 
or inside of auricle or ventricle. In spite of fish having only one auricle and one ventricle 
their cardiograms are of the same type as the ones of mammals and man. The asynchronism 
of excitation of the different parts of the ventricle makes for the complicated form of the fish 
electrocardiogram. It could be proven that the part of the ventricle first activated is its upper 
dorsal plane and mostly the left side of the base. Always the base of the ventricle is earlier 
activate than the apex. The endocardial surface is not activated earlier than the earliest 
activated parts of the surface of the ventricle but synchronously, in some instances even later. 
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The type of cardiograms registered from the inside of the ventricle depends to a high 
degree on the part where the electrode is placed. In Selachiens there is a clear differentiation 
between the endocardial electrogram of the right and of the left inside of the ventricle. The 
endocardial electrogram depends, of course, also on the type of contraction of the ventricle 
(partial systoles, normal systoles, extrasystoles, fractionated systoles). 

The electrogram of the auricle is normally polyphasic showing a quick and a slow group 
of deflections. Sometimes it is bifid due to the asynchronous contraction of the different parts 
of the big auricle and its different appendages. 

It was proven for the first time that the muscular bulbus cordis of Selachiens shows not 
only contractibility but also a high degree of automatism since in the exhausted heart of Raja 
ermacca, for instance, the bulbus is sometimes the pacemaker of the heart beat. This fact v\as 
also registered by means of electrocardiography. 

Alkaline phosphatase activity in oocytes of various marine invertebrates. E. J. 

Krugelis. 

Using the C3rtochemical technique of Gomori, alkaline phosphatase activity was detected 
in the oocytes of several marine invertebrates, including Arbacia, Asterias, Cynthis, Chaetop- 
terus, and Mactra. This activity is present when sodium glycerophosphate, adenylic acid, or 
yeast nucleic acid are used as substrates for the enzyme. The cytoplasm of the oocytes contain 
very little detectable enzyme actiyity while the germinal vesicle including nuclear sap and 
nucleoli shows a definite reaction in each form investigated. Basophilia is found in the cyto- 
plasm and the nucleoli, while the germinal vesicle is faintly basophilic. Thus cytoplasmic baso- 
philia and phosphatase activity seem independent in location in the oocyte stages. Both baso- 
philia and phosphatase activity occur together in all nucleoli except those of Mactra. This 
form possesses an amphinucleolus which includes a small basophilic nucleolus and a large 
oxyphilic nucleolus. Only the large oxyphilic nucleolus contains the enzyme activity. Thus, 
in the case of Mactra at least, basophilia seems completely separate from the location of 
enzyme activity. 

Alkaline phosphatase activity in developmental stages of Arbacia. E. J. Krugelis. 

The occurrence of alkaline phosphatase activity in Arbacia has been detected by use of 
the Gomori cytochemical technique. In the oocytes, enzyme activity was detected only in the 
germinal vesicle. During this stage the vesicle stains with acid dyes such as fast green, but 
stains very faintly with the basic dye, toluidine blue or with Feulgen. The cytoplasm of the 
oocyte, however, is strongly basophilic with toluidine blue. This basophilia of the cytoplasm 
is interpreted on the basis of Brachet’s observations (Embryologic Chimiqiie, Li^ge, 1945) as 
ribose nucleic acid. In the unfertilized mature egg, the fertilized egg, and early cleavage 
stages, the cytoplasm is the site of both basophilia and enzyme activity. Only sodium glycero- 
phosphate was used as the enzyme substrate for these later stages. During blastnla, gastrula, 
and plutci stages the cytoplasmic enzyme reaction seems to decrease parallel to the decrease 
ill cytoplasmic basophilia. The nuclear enzyme activity increases in these stages, parallel to 
an increase in nuclear basophilia and Feulgen reaction. 

This suggests that the enzyme and ribose nucleic acid have independent locations during 
oogenesis. During maturation the enzyme may be liberated into the cytoplasm and then 
parallels ribose nucleic acid content in the cytoplasm. This parallel location of the enzyme 
activity and nuclei acid is similar to the condition found in the late cleavage stages of amphibian 
embryo and suggests a possible active association during development. 

A comparative study of iron content in marine invertebrates. Sister Elizabeth 
Seton MacDonald and Charles G. Wilber. 

It is well known that sea water ordinarily contains only minute traces of iron in solution 
(see Cooper, Proc. Roy. Soc. London (B), 118: 419; 1935). Many invertebrates have great 
power of concentrating iron in the tissues, but there is a lack of quantitative information con- 
cerning the amount of iron in the body fluids of various marine invertebrates. A series of 
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colorimetric analyses were, consequently made to ascertain the iron content of the body fluids 
in several invertebrate animals. The amounts of iron (mean value of 10 animals unless other- 
wise indicated by number in parentheses after the species name) in mg./lOO cc. fluid are as 
follows: Phascolosoma goiddii, 21.1; Amphitrite ormta, 9.8; Glycera americana (8), 15.5; 
Nereis pelagica (6), 9.6; Chaetoptcrus variopedatus, 3.1; Venus mercenaria (5), 2.0; Asterias 
forbesi (2), 2.8. The amount of iron is much higher in the annelids studied than in the mol- 
lusc or echinoderm. Such would be expected in view of the presence of heme pigments in the 
fluids of the former but not of the latter. It is interesting to observe, however, that there are 
consistently measurable amounts of iron in the mollusc and starfish, indicating that iron is in 
some way necessary for the general metabolism of these forms as well as for the annelids. A 
study of the variation in iron content in the above animals throughout the year is now in 
progress. 

Fertilisation studies on a non-conjugating race oj Paramecium aiirelia- Charles 
B. Metz and Mary T. Foley.^ 

Metz {Jour, Exp, Zool, 105: 115; 1947) has shown that mixture of formalin-killed and 
living Paramecium aurelia of opposite mating types results in (1) specific clumping between 
living and dead animals, (2) induction of pseudo selfing and (3) activation (macronuclear 
breakdown and presumably other conjugation effects) of the living animals. In an attempt 
to discover the initiating mechanisms of activation and pseudo selfing, much of the previous 
work has been repeated on an abnormal (CM) race obtained through the kindness of T. M. 
Sonneborn. These CM animals give normal mating reactions but fail to conjugate. 

It is found that formalin-killed CM animals induce pseudo selfing in living normal animals. 
However, living CM animals failed to self when treated with formalin-killed normal ani'mals 
although the CM animals clumped strongly and specifically with these dead animals. From 
these results it seems highly unlikely that pseudo selfing involves transfer of mating substance 
from dead to living animals (as previously suggested). It is now believed that pseudo selfing 
depends upon interaction of specific “holdfast” substances which appear when the animal is 
activated but which are not mating type specific. 

Formalin-killed CM animals can also induce macronuclear breakdown in single isolated 
living normal animals. From this it follows that the CM animals possess the activation initiat- 
ing mechanism. However, living CM animals cannot be activated by treatment with dead 
normal animals.* Therefore a block must prevent activation from proceeding much beyond the 
initial step in the CM animals. This evidence strongly favors the view that interaction of 
mating type substances initiates activation in P. aurelia. 

Since the CM animals undergo natural autogamy, it follows that natural autogamy is not 
initiated tlirough the same mechanism that operates in conjugation. An analogous situation 
may obtain in parthenogenesis, namely that the activation initiating mechanism of normal 
fertilization is by-passed in parthenogenesis. 

Thecal morphology of some dinoflagcUates of Woods Hole, with special reference 
to the ''ventral area!' Dashu Nie. 

A total of eighteen species belonging to five genera was subjected to this study. Exuviaella 
ahnonda sp. nov., E. marina, Prorocentrum schilleri and P. micans, which represent all the 
Prorocentridae examined in this study, were revealed to have the same architecture. They 
have besides the two prominent bivalve-like plates four small platelets, lodging in the concavity 
of the left plate at the anterior end. Of these, three form the flagellar pore or pores, and one 
forms the spinose platelet. The number and disposition of these platelets are reported here 
for the first time. 

The entity of the ‘Ventral area” or sulcus of the genus Diplopsalis as well as the genus 
Peridinium has been found to consist ‘invariably of six plates, namely, left and right anterior 
plates, left and right flagellar pore plates, the connecting plate and the posterior plate. These 
plates have been isolated in the following species: Diplopsalis lenticula f. minor, D. asynh 

1 Aided by a grant from the National Institute of Health, U. S. Public Health Service. 
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metrica, Peridinimn paUidiunt, P. globulus var. quarncrense, P. marielebourae, P . conicum, P . 
claudicans, P. oceanicum, P, leonis and P. depressum. 

Four species of the genus Gonianlax, namely, G, dicgensis, G. digitate, G. spinifera and G. 
monocantha, have been examined, and the result turned out to be quite different from that of 
Kofoid’s (1911). A new plate formula is suggested: 3', 3a, 6", 6, 5'^', 2"", + 6 v.a.p. The 
reason for such a change is discussed. 

Plastid development in the scutellum of Triticum sativum and Secale cereale. 

John A. O’Brien, Jr. 

During germination of grains of Triticum and Secale, there are present in cells of the 
epithelium and the parenchyma of the scutellum, characteristic solitary aggregations of cyto- 
plasmic elements which are preserved by mitochondrial fixatives. Each element at one stage 
is composed of a swollen head portion and an attenuated tail. They are so assembled that the 
heads are directed to the periphery and the tails toward the center of the group. The aggre- 
gation occurs in a differentiated region of the csrtoplasm which, when preserved by certain 
fixatives, appears optically homogeneous and is thus set off from the granular cytoplasm. 
Usually the aggregation lies immediately adjacent to the nucleus. The elements comprising 
the aggregation eventually become dispersed in the granular cytoplasm and can be traced 
through several stages of dispersion. As the aggregation first begins to break up, the tail 
portion of tlie individual element develops a small knob at its distal end and the head portion 
diminishes slightly in size. After dispersion, the elements assume the characteristic form of 
plastids in fixed cells and vesicles which develop in them can be demonstrated to be starch 
grains. In some groups, the formation of starch grains occurs even before dispersion. 

W. J. V. OsTERHOUT. No abstract submitted. 

Vitamin A and lipid metabolism in the frog. Charles G. Wilber and Mary 
E. F. Twomey. 

Very little is known concerning the effect of vitamins on lipid metabolism in poikilothermal 
vertebrates. Consequently an investigation was undertaken to ascertain the effect of vitamin A 
on lipid metabolism in the frog. Frogs were fed com oil in capsules and com oil plus vita- 
min A in capsules respectively. After 48 hours the livers and kidneys were removed and 
analyzed for phospholipid, cholesterol, and fatty acid. The results were compared with those 
obtained from the analysis of unfed frogs used as controls. It was found that there was an 
increase of cholesterol, fatty acid, and total lipid in the liver and kidney of frogs fed corn oil 
alone but that there was a decrease in phospholipid in the same organs. Frogs fed fat plus 
vitamin A, on the other hand, showed an increase in phospholipid and a decrease in otlier lipids 
in the kidney and liver. The results clearly indicate that a high fat diet in the frog brings 
about a marked increase in the cholesterol and fatty acid in both liver and kidney. It is, 
moreover, evident that vitamin A stimulates to a marked degree the use of fat in the frog. 
These results are in accord with those obtained by other investigators using homoiothermal 
vertebrates (see Monaghan, /. Biol, Chem., 98: 21; 1932; Asada, Biochem. Zeitschr,, 142: 44; 
1923 and 144 : 203 ; 1924) . The present investigation indicates that in the frog diet vitOTin A 
is an essential component. On a diet lacking the vitamin there is an accumulation of lipids in 
the liver and a decrease in the synthesis of phospholipid by that organ. 

Alkaline phosphatase in the early development of Fundulus heteroclitus. Anita 

ZORZOLI. 

A study of the localization of alkaline phosphatase in the development of Fundulus hetero- 
clitus from late cleavage to the post hatching period when the yolk has been completdy ab- 
sorbed was carried out using the histochemical technique of Gomori. Each specimen was 
sectioned serially at 6 g,, cut into 2 section pieces and mounted on separate slides so that ad- 
jacent sections could be used for routine staining and for controls. Incubation was carried on 
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for 12 and 24 hours at room temperature (approx. 26® C.) using Na ^-glycerophosphate as 
substrate for the reaction. 

There is a conspicuous lack of phosphatase activity in the large cells of the late cleavage 
and blastula stages as well as in the smaller cells of the gastrula stages. The first positive 
reactions occur at tlie beginning of differentiation of the nervous system. At this stage and 
shortly after, the nuclei of the neural cells stain deep brown-black. The cytoplasm is also 
positive but less strongly so. Outer ectoderm, endoderm and mesoderm cells stain uniformly 
positive and slightly less intensely than the nervous system. The large notochordal cells show 
the weakest reaction. 

As tissue and organ differentiation proceeds, new regions showing strong activity appear 
while others decrease in activity. For example, by the time the cerebral hemispheres have 
formed there is a difference in intensity of reaction within the central nervous system itself, 
the anterior regions being more strongly positive than the posterior regions. Within the 
spinal cord there is a distinctly stronger reaction in both nuclei and cytoplasm of the dorsal 
third as compared with the more ventral regions. 

Increase in phosphatase activity with increase in differentiation is shown in the gut. Both 
nuclei and cytoplasm stain more deeply at the time of hatching as compared with earlier stages 
and in addition there is developed an intense blackening at the proximal surface of the mucosal 
cells. This localization is reminiscent of the type seen in the small Intestine of many mam- 
malian forms. 
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Effects of sodium adde on the rate of amphibian development, Thomas S. Hall 
AND Florence Moog. 

In the course of an investigation of the effects of sodium azide upon the developing egg 
of the grass frog, R, pipiens, it was observed that exposure to this substance can retard or 
suppress development for considerable periods without preventing the possibility of normal 
development after termination of treatment. This response is being studied experimentally with 
a view to determining (a) the exact conditions under which it may be expected (results re- 
ported here) and (b) physiological factors involved (experiments in progress). The first phase 
of this investigation has brought to light three principal facts. (1) Under exposure to solu- 
tions of senium azide (in 10 per cent amphibian Ringer’s solution at ca, pH 72), var 3 ring in 
concentration from 7 X 10-® to 5 X lO’® M, early stages (cleavage to late neurula) undergo 
reduction in the rate of their development. It proved possible to continue exposure for 2 to 4 
days, depending upon the concentration, without precluding the possibility of normal progress 
after removal from azide solution. Such treatment reduced the rate to less than half of 
normal. (2) Even where treatments were sufficiently severe (solutions stronger than 10“^ M) 
to induce complete arrest shortly after the treatment began, further development could occur. 
Individuals held at the gastrula stage for 48 hours went on to develop with every appearance 
of normality after treatment was stopped. In special instances, development was suspended 
for periods up to 86 hours; in these cases, however, not all individuals so treated developed 
normally, the incidence of abnormality increasing with the duration of the exposure. (3) If 
the organism was first exposed to solutions strong enough to cause complete arrest (e.g., 
2 X 10”i to S X 10-® M, for 3 to 12 hours), it w^as found to be subsequently more sensitive to 
weak azide solutions than were previously untreated individuals. The mechanisms responsible 
for the foregoing results are under investigation. 

Nucleic acids as growth factors in Drosophila, Claude A. Villee and Harold 
B. Bissell. 

Drosophila larvae of wild, vestigial, Bar, Double Bar, dachsous, four-jointed, aristapedia 
and tetraltera stocks were grown on sterile, chemically defined media containing salts, agar, 
amino acids, cholesterol, lecithin, ribose nucleic acid and sucrose in which ribonucleic acid 
was replaced by nucleotides, or purines and pyrimidines, singly or in combination. Larvae 
grew as well on nucleotides as on ribonucleic acid; the growth-promoting effect of ribonudeic 
acid resides not in RNA as such but in the purine and pyrimidine constituents of RNA, and 
especially in adenine. Guanine seems to have some function in regulating the growth stimulat- 
ing action of adenine. Desoxyribonucleic acid inhibited growth and pupation of the larvae. 
The vestigial stock, in contrast to wild and Double Bar, was able to survive m the presence of 
benzimidazole, a structural analogue of the purines, and seems to have some biochemical mu- 
tant which enables it to utilize benzimidazole in place of the purines. One phenocopy was ob- 
served in the course of the experiments : a Double Bar larva grown on a medium lacking sucrose 
and nudeic acid developed into a fly whose eyes were large and oval-shaped, approaching the 
wild phenotype. The flies hatching out of larvae grown on experimental media were fer^e 
and in many tubes a second generation of flies was raised. 

Anna R. Whiting. No abstract submitted. 
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The effects of podophyllin on the maturation and cleavage of the starfish egg, 
Ivor Cornman. 

In a podophyllin concentration of 100 mg./L, breakdown of the germinal vesicle, penetra- 
tion by the sperm, lifting of the fertilization membrane, and completion of cleavage by eggs 
in anaphase are to all appearances normal. On the contrary, the meiotic or mitotic spindle 
is quickly inactivated at 1 mg./L. The chromosomes released by spindle destruction form 
karyomeres which can engage in pseudomitotic cycles. If dosage is begun in the germinal 
vesicle stage, the released chromosomes or their karyomeres are unable to migrate to the 
periphery, but show evidence of responding to the meiotic rhythm by going through at least one 
cycle involving dissolution, chromosome formation, and reformation of the vesicular karyomeres. 
If the egg is fertilized or artificially activated, it goes through the same cycle. The karyomeres 
grow and coalesce, filling about half the volume of the egg by 24 hours. Occasionally they 
fuse to form a single nucleus which at 11 hours is % the diameter of the germinal vesicle and 
contains 1 to 3 nucleoli. Up to 30 karyomeres have been counted (2n = 36) , and up to 18 in 
eggs blocked just after completion of the second polar body. Variation in size permits the 
interpretation that some karyomeres contain more than one chromosome. The karyomeres 
persist as discrete bodies following disintegration of the egg, showing that they possess mem- 
branes and are not mere differentiated areas of cytoplasm. In 12 hours (or sooner if the eggs 
have been washed free of podophyllin or if they have been fertilized) there is irregular division 
showing no relation to the distribution of karyomeres. In the living eggs there sometimes 
appear to be asters participating in this division, but sections have not yet been studied to de- 
termine if true cleavage processes or merely pathological fragmentation are involved. Thresh- 
old doses (ca. 0.2 mg./L) which inhibit the early cleavages permit proliferation of the asters 
and eventually simultaneous division of the eggs into 16-32 cells, which subsequently divide to 
produce a normal blastula. 

Preparation of a soluble cytochrome oxidase, W. Wainio, S. Cooperstein, S. 
Kollen, and B. Eichel. 

Cytochrome oxidase occupies a key position in the chain of enzyme reactions that catalyzes 
the dehydrogenation of substrates, because the oxidase apparently is the enzyme that “activates” 
molecular oxygen. Much work has been done in an attempt to free the enzyme from the com- 
plex of which it is a part in order that it might be more fully characterized. All attempts, with 
the possible exception of a partially successful attempt by Haas {Jour. Biol, Cheni., 148; 481; 
1943), have failed to yield a soluble preparation. 

The work of Hopkins, Lutw'ak-Mann, and Morgan {Nature, 143 : 556 ; 1939) and Keilin 
and Hartree {Proc. Roy. Soc, London, B, 127; 167; 1939) suggested to us the use of bile salts 
to dissolve the cytochrome oxidase complex. Our results show that by extracting Keilin and 
Hartree’s oxidase preparation {Proc. Roy. Soc. London, B, 125 : I7l ; 1938) with 4 per cent 
sodium desoxycholate, it is possible to obtain a preparation which resists centrifugation for 3 
hours at 20,000 x g and which is clear to tlie naked eye. Such a preparation is 2.5 times as 
active as the original Keilin and Hartree suspension. A partial purification has been effected 
by fractionating with 2 per cent and then 4 per cent of sodium desoxycholate to 3 ricld a 
preparation witli 5 times the activity of the original suspension. 

Several lines of evidence indicate the presence of c:^ochrome oxidase: (1) reduced cyto- 
chrome c is readily oxidized by small amounts of the enzyme preparation; (2) cytochome c 
is a necessary constituent for the oxidation of hydroquinone ; (3) 1 X 10“^ M sodium cyanide 
and sodium azide inhibit the oxidation of hydroquinone; (4) a mixture of 95 per cent carbon 
monoxide and 5 per cent oxygen inhibits the hydroquinone reaction by 66 per cent in the dark, 
and light causes an almost complete reversal of the inhibition. 

Synthesis of lipids from proteins in Colpidium campylum, Charles G. Wilber 
AND Gerald P. Seaman. 

The problem of the synthesis of protein, carbohydrate and fat is a fundamental one in 
general physiology. Much work has been done on tlie problem in the vertebrates; very little 
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on the protozoa. From the work of Mast and Pace we know that the flagellate CkUomonas 
Paramecium has amazing powers of synthesis. It is also well known that lipids occur in ciliates 
in the form of visible globules. The types and origin of these lipids is still uncertain. Con- 
flicting results have been obtained using the staining reactions of Nile blue sulfate. An 
investigation was, therefore, undertaken to ascertain the kinds and the formation of lipids in 
the ciliate, Colpidium campyhmu The organisms were grown in sterile, fat-free proteose- 
peptone solution. Five days after inoculation, samples were taken and tested for cholesterol 
(/owr. Biol. Chcm , 24: 227; 1916), fatty acid {Jour. Biol. Chem., 77: 53; 1928), and phos- 
pholipid (Jour. Lab. Clin. Med., 16 : 158 ; 1930) . No cholesterol was found. In a culture con- 
taining 44,000 colpidia per cc. there was 3.4 mg.% phospholipid; 2.5 mg.% was present in the 
cell-free culture medium. In a culture of like population there was 232 mg.% latty acid; 
183 mg.% was present in the cell-free culture medium. The results indicate that the 
colpidia do not synthesize cholesterol but that they produce very large amounts of fatty 
acid. This latter result is in accord with work done on bacteria and on rhizopods. It is sug- 
gested that fatty acid is formed in Colpidium campyhm from the deaminated amino acid via 
pyruvic acid and acetaldehyde (by repeated condensations) and that glycerol is formed via 
pyruvic and lactic acids, glycogen, and glyceric aldehyde. 

July 29 

J. T. Bonner. No abstract submitted. 

B. Libet. No abstract submitted. 

Otto Meyerhof and Jean R. Wilson. No abstract submitted. 

August 5 

Irreversible differentiation in certain plant cell lineages. R. Bloch. 

In ground parenchyma of the stem of Ricinus communis secretory cells occur the contents 
of which give the reactions of tannins and unsaturated fat. They appear early within the 
meristem of the apical growing point and, once differentiated, continue to multiply as the stem 
elongates. Unlike most plant tissue cells, they retain their specific physiological character 
during growth and division and transmit it to the daughter cells. This behavior is also evident 
when old intemodes are wounded: the secretory cells resume growth and division, but do not 
dedifferentiate as other plant cells do under such conditions. They produce their own type 
Only and exhibit stability of cell character, resembling in this, many animal cells which show 
similar persistence along somatic cell lineages, irrespective of external conditions. 

One possible explanation of such stability of the differentiated state has been the assump- 
tion of determinants in the nature of self-duplicating cytoplasmic proteins (plasmagenes) . 
These or their precursors could in the present case appear and come into control in certain 
cells as a result of differential, polar cell divisions during which cytoplasm or cytoplasmic 
constituents become unequally distributed or segregated. 

The occurrence of such cells and of such a suggested mechanism may play a significant 
role in the elaboration of cellular differences in plant tissue patterns. Many cellular differ- 
ences have previously been shown to arise as a result of polarity, a basic protoplasmic factor. 
Many others are directly induced by external physical and chemical factors in the environment 
which act differentially on cells in different positions in the plant body. To these may be 
added possible qualitative, stable changes in the cytoplasmic reactivity systems of some of the 
cells, accounting for some types of specific behavior. 

Alkaline phospliatcLse activity in early development of amphibians. E. J. Krugelis. 

The physical and physiological correlation of alkaline phosphatase activity and nucleic 
acids indicated from several different lines of research suggested investigation of this correla- 
tion in the developing amphibian embryo whose content and distribution of ribose nucleic acid 
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has been thoroughly studied and described by Brachet [^Embryologie Chimique, Liege, 1945). 
Using the Gomori technique, the enzymatic hydrolysis of phosphate from the substrates, 
sodium glycerophosphate, ribose nucleic acid, and adenylic acid was investigated in develop- 
mental stages of Rana, Axolotl, and Amby stoma. In the growing oocyte, the enzyme activity 
is concentrated in the germinal vesicle, w^hile the basophilia indicating ribose nucleic acid is 
in the cytoplasm. During the late cleavage stages, the enzyme reaction becomes intense in the 
cytoplasm of the cells of the animal pole, exhibiting the same gradient as is found for ribose 
nucleic acid. During gastrulation there appears a cytoplasmic and nuclear gradient from 
ectoderm to mesoderm to endoderm, which is similar to the one for ribose nucleic acid. Thus 
it appears that alkaline phosphatase is independent of ribose nucleic acid in oocyte stages, but 
becomes associated with it during late cleavage. This is supplementary evidence for the hy- 
pothesis of Brachet that during development the cytoplasmic basophilic granules of ribose 
nucleic acid become increasingly complex by becoming associated with various enzymes, one 
of which is alkaline phosphatase. This increasing complexity of association of various chemical 
substances is probably related to morphogenesis. 

J. R. Shaver. No abstract submitted. 

August 12 

D, E. Copeland. No abstract submitted. 

Factors influencing the expression of ^^position-effects."' Taylor Hinton. 

Drosophila melanogaster was used in a study of the factors causing variation in the ex- 
pression of a second chromosome inversion, Inversion (2LR)40d. The presence of this inver- 
sion results in different degrees of disarrangement of the facets of the eyes, mottling of the 
pigment, and deposits of a black tumor-like substance on the surface of the eyes. It was found 
that the sex of the individual had no significant effect upon the phenotypic expression of 
In(2LR)40d. The effect of different temperatures was studied and it was shown that in 
flies raised at 15® or 28® the eyes were almost normal; while the eyes were most affected at 
23®. Crosses were made which demonstrated that the age of the parents had no influence upon 
the expression of the inversion, A significant difference in degree of effect was found when 
offspring raised in a non-crowded, well yeasted bottle were compared with offspring raised in 
a crowded shell vial. The former had almost normal eyes while the latter showed a marked 
eye effect. Females carrying a Y-chromosome in addition to the normal complement of 
chromosomes showed little eye effect with the inversion while their normal brothers were 
significantly more affected. When the inbred stock of In(2LR)40d was crossed to certain 
laboratory stocks the offspring showed no change in the expression of the inversion, but when 
crossed to other laboratory stocks a striking increase in the expression was noted. This sug- 
gests that some stocks carry genetic modifiers which enhance the expression of In(2LR)40d 
while others do not Experiments are in progress to attempt to localize and study the nature 
of these modifiers. It can be concluded that the ‘^position-effect” can be altered in expression 
by temperature, starvation, extra Y-chromosomes, and by genetic modifiers. 

D. Wrinch. No abstract submitted. 

August 19 

Induced morphological changes in Tetrahymena vorax. C. Lloyd Claff. 

Tetrahynima vorax, a Protozoan ciliate previously known as Glaucoma vorax, is normally 
found in Nature as a small tailed form, varying in size from 50 to 75 microns, with an oral 
opening just large enough to engulf its food, bacteria. 

Kidder, Lilly, and Claff reported {Biol Bull., 78, Feb. J940) the effect of putting Tcira- 
hymem geleii in association with Tetrahymena vorax in the same culture. Within 24 hours 
drastic form changes took place in .the Tetrahymena vorax: (1) the oral opening enlarged. 
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(2) a large preparatory vacuole continuous with the oral opening formed, (3) the animal 
enlarged to a size of 100 to 250 microns, (4) it became a Carnivore and the Tetrahymena geleii 
became its prey. 

It ^vas thought it would be of interest to place a cellophane membrane between Tefrahyfitena 
vorax and Tetrahymena geleii to see if the factor responsible for this change could be shown 
to be diffusible. 

Culture flasks were prepared as follows: Erlenmeyer flasks were modified with an extra 
port on the side. A Pyrex tube, enlarged at the bottom was inserted with a cellophane mem- 
brane tied securely around the enlarged flange. These were sterilized with 10 cc. of Pyrex 
Distilled Water in the flask, and 2 cc. of water in the tube. Then they were inoculated on one 
side of the membrane with Sterile Tetrahymena vorax grown in 2 per cent Proteose Peptone 
broth; and Sterile Tetrahymena geleii on the opposite side. 

Control flasks were inoculated wdth Tetrahymena vorax on one side of the membrane and 
Sterile Distilled Water on the other side. 

Sterility tests were routinely carried out. 

The flasks were assembled on a shaker device as showm — and shaken intermittently over a 
period of from 24 to 72 hours. 

Carnivores, or in this case Cannibals were produced in large numbers in the cultures w^here 
Tetrahymena geleii were introduced on the opposite side of the membrane. 

No Carnivores, or in some cases only one or two Carnivores were present in the cultures 
where Sterile Distilled Water was present on one side of the membrane. These Carnivores 
were small, and did not seem to have the ability to feed properly, in as much as they contained 
only one or two prey, whereas the induced forms would have as many as fifty prey. 

To date only 58 experiments have been performed, so this is in the nature of a preliminary 
report. Some interesting facts for further investigation have been disclosed. 

1. The addition of particulate Yeast Harris to the cultures of vorax seems to inhibit the 
formation of Carnivores. 

2. The addition of the bacteria Aerobacter seems to favor the formation of Carnivores. 

3. There is evidence that there is some factor from the Tetrahymena geleii culture which 
is diffusible through the cellophane membrane which stimulates the formation of Carnivores. 

Paul S. Galtsoff. No abstract submitted. 

Bermuda sea urchins and their eggs, Ethel Browne Harvey. 

The common species of sea urchin near the Bermuda Biological Station are: (1) Lytechinus 
variegatus {Toxopneustes)^ usually brown in Bermuda, always white in Beaufort Decorates 
itself with shells, sea weed, etc. It is ripe in spring and early summer. (2) Tripneusies escu~ 
Icntiis (Hipponoe)j a very large (5-6 inches diameter) species with short white spines. It is 
ripe in early summer and early winter. (3) Echinometra lacuntcr, an oval reddish or brownish 
urchin living in holes in the reefs and known as the *‘rock^ or “reef* urchin. It is ripe in late 
summer and early fall. (4) Centrechimis Ontillanim (^Diadema setosum), having very long 
(sometimes 10 inches) sharp spines. This is ripe in summer and early winter. (5) Eucidaris 
tribuloidcSj a grayish urchin with blunt club-shaped spines, known as the “slate-pencil” urchin. 
Another species found near the laboratory but rare is Echinoneus cyclostomus, a very small 
urchin (one inch long), somewhat oval, cream colored with bright red tube f^L There is 
also a sand dollar, Mcllita sexiesperforata (now Leodia) found at some distance from the 
laboratory. 

The living eggs of Lytechinus are beautifully clear and many of the phenomena of fertiliza- 
tion and cleavage can be distinctly seen. The asters show well, but the spindle fibers cannot 
be observed until late anaphase and telophase, when the “interzonal” fibers can be clearly seen. 
The eggs of Tripneustes, Echinometra and Diadema are very granular, and the granules obscure 
the nuclear phenomena. 

In Lytechinus, the stratification with centrifugal force is: yolk, clear layer, mitochondria; 
sometimes clear layer also at the bottom; there is usually no oil cap; in Tripneustes: scanetimes 
oil, yolk, mitochondria, clear layer; sometimes oil, clear layer, yolk, mitochondria; in Echino- 
metra: oil, clear layer, mitochondria, yolk. Lytechinus and Tripneustes break apart into a 
large nucleate fraction and a small heavy fraction. 
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The pluteus of Lytechinns has a single rod in the postoral arms, with a spiny base. The 
pluteus of Tripneustcs has a lattice-like skeleton in the postoral arms, united at the base and 
not spiny. The pluteus of the hybrid Lytechinus S X Tripneustcs c? is maternal in the form 
of skeleton. 

Spermatogenesis hi sphecoid wasps, P. W. Whiting. 

In the formation of male gametes plants exhibit no meiotic phenomena, since their haploid 
generation has no heritage of meiosis. The half-dozen invertebrate groups characterized by 
haploid males, however, exhibit, to greater or less extent, remnants of spermatocyte conditions 
presumably characterizing their diploid ancestors. In tide hymenopteran male, meiotic phe- 
nomena are elaborate and are characteristically similar in many of the superfamilies from the 
lower plant-feeders to the aculeates. This “orthodox** plan consists in an abortive first division, 
not dividing the nucleus, and an equal second division resulting in two functional sperm cells. 
The bees, Apoidea, deviate in that the second division is unequal cytoplasmically so that only 
one spermatid functions. It has now been shown that in four species of sphecoid wasps there is 
but one meiotic division. This produces two equal spermatids. At the end of the growth 
period before this division takes place, there develops close to the nucleus, a body resembling 
a second nucleus of small size. This body becomes very conspicuous and persists through the 
meiotic division, occupying a position within the cytoplasm at one side of the cell. These 
phenomena are tentatively interpreted as vestiges of the first division still further reduced than 
in the bees and the vespoid wasps. In their equal second division these species resemble the 
latter group following the “orthodox** plan. 

REPORT ON THE LALOR FELLOWSHIP RESEARCH 

J. Bracket 

Arbacia eggs at various stages of development have been collected in large amounts for a 
cytochemical and chemical study of both types of nucleic acids : some have been fixed in Zenker*s 
and Serra*s fluids for a study of nucleic acids and amino-acids distribution, using if possible 
quantitative microphotometric methods. Most of the material collected will be used for chem- 
ical analysis of the phosphorus, ribose, ribodesose and purines content of the fertilized eggs, 
the blastulae and the plutei; this analytical work is already under its way.^ 

Eggs and embryos treated with lithium chloride and sodium thiocyanate, in order to pro- 
duce morphological defects, have also been preserved with the hope of establishing correlations 
between ^ese abnormalities and the nucleic acids metabolism. 

Arbacia and Psammechinus eggs have been centrifuged at various speeds and preserved in 
fixatives for further study of the nucleic acids and proteins. 

Other experiments have shown that in sea-urchins’ eggs, as in adult tissues, a large propor- 
tion of the ribonucleic acid is linked to small, ullracentrifugcable particles. 

Some time has also been devoted to the study of the slides made by Dr. E. Krugelis in 
order to demonstrate the localization of alkaline phosphatase in developing marine Invertebrates* 
eggs ; her results have been presented at the M.B.L.*s scientific meeting. 

Finally, an abundant material has been collected with the purpose of studying the localiza- 
tion of ribonucleic acid and proteins in regulative and mosaic eggs: these included Asterias, 
Chaetopterus (normal development and differentiation without cleavage), Mactra (normal and 
centrifuged), Cynthia (normal and centrifuged) and Fundulus eggs and embryos. 

It is proposed to study in the nearest possible future the material which it has been possible 
to collect during the summer months. 

Comparison of the binding ability of Iiemocyanin and serum albumin for organic 
ions, I. M. Klotz, A. H. Schlesinger and F. Tietze. 

The presence of hemocyanin in a dispersed form in the plasma of invertebrates suggests 
that this protein may act not only as a respiratory pigment but also as a transport vehicle for 
small ions. A series of studies has been made, therefore, on the binding of several organic dye 
ions by the semm of Limulus polyphemus. 

In buffered solutions near pH 5 hemocyanin has been found to form complexes with the 
organic anion, methyl orange, though with an affinity about one-tenth that observed with the 
same dye and serum albumin. Thus at a concentration of free anion of about 1 X 10“^ molar. 
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approximately 0.5 X 10"® mole and 6 X 10"® mole, respectively, of methyl orange is bound by 
one gram of hemocyanin and one gram of albumin, respectively. 

No significant binding of the cationic dye, chrysoidine, by Limttlus serum was observed even 
at concentrations of cation of 4 X 10"^ molar. A series of experiments with serum albumin under 
comparable conditions indicated appreciable binding though less than that observed with methyl 
orange and albumin. If the same decrease in binding in going from the anion, methyl orange, 
to the cation, chrysoidine, holds in hemocyanin as is found with albumin, it would require 
more precise techniques than were available to detect the chrysoidine complex of hemocyanin. 
The quantitative data on the binding of chrysoidine by albumin indicate that 16 is the maximum 
number of binding sites available on the protein molecule and that the first chrysoidine com- 
plex has a binding energy of 5,000 calories/mole as compared to 5,960 calories/mole for the 
corresponding complex with methyl orange. 

These experiments indicate that hemocyanin acts not only as a respiratory pigment in the 
blood of invertebrates but that it also serves in the distribution and conservation of organic ions 
among various organs and tissues, though its effectiveness in these respects is less than that of 
serum albumin. 

The production of diabetes in the toadfish with alloxan, Arnold Lazarow and 
Jack Berman. 

Alloxan was injected into 50 toadfish {Opsamis tan) as a 10 per cent aqueous solution. The 
sugar content of the blood was determined by the Folin Malmros micro method. Serial sugar 
determinations were carried out on blood obtained by cutting the tail fin of the fish. The 
normal blood sugar value of the toadfish, which depends upon the nutritional state, varied from 
26 to 86 mgs. per 100 cc.^ (The mean of 37 determinations on 20 fish was 54 mgs per 100 cc.) 

When alloxan was injected into toadfish the effect depended upon the dose and mode of 
administration. Of twenty animals injected intraperitoneally with doses of alloxan ranging from 
300 to 1,0(X) mgs. per Idllogram of body weight, only two showed blood sugar values greater 
than 100 mgs.% 48 hours after the injection. Histological examination of the tissues showed 
extensive necrosis of the liver. This apparent selectivity of alloxan for the liver (following 
intraperitoneal injection) may be related to the hepatic portal circulation inasmuch as a large 
part of the alloxan injected goes directly to the liver. 

By contrast, sub<mtaneous administration of alloxan produced a blood sugar response in a 
much greater per cent of the animals. Of six toadfish injected with a dose of 400 mgs./kg., three 
showed a 24-48 hour blood sugar value greater than 100 mgs.% Of nine animals given 600 
mgs./kg,, six showed a 24-48 hour blood sugar value greater than 100 mgs .% ; whereas eight 
of ten fish injected with a dose of 800 mgs./kg. showed elevated blood sugars at 24-48 hours. 
The 24-48 hour blood sugar value of animals considered diabetic ranged from 100 to 328 mg.%. 
Although a number of the injected animals died after 24 to 72 hours, some were kept alive for 5 
days and showed a persistence of their hyperglycemia. 

The urine obtained from the bladder of several fish was also examined for sugar. In two 
fish whose blood sugars were 200 and 268 mgs./lOO cc. the urine sugar concentration was 73 
and 146 mgs.% respectively. 

Since the islet tissue of toadfish is segregated into discrete organs apart from the digestive 
pancreatic tissue, direct chemical studies can be carried out on this material. Sudi a study is 
not possible in manunals where the islet tissue constitutes a very small fraction of the pancreas. 
Investigations on the sulfhydryl content of the islet tissue of toadfish before and after alloxan 
administration will be carried out. 

Localization of adenosinetriphosphafase {ATP-ase) in the giant nerve fiber of the 
squid, B. Libet.^ 

It is conceivable that a basic feature of nerve impulse conduction, the permeability change in 
the membrane, depends upon a structural change in certain membrane proteins. If the latter 
resemble the myosin system of muscle, they should be associated with ATP-ase activity. 

1 This work was carried out under a Fellowship of the Lalor Foundation, and was also 
supported in part by a U. S. Navy contract to the University of Chicago for research in nerve 
metabolism. 
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To test this hypothesis, measurements were made of the ATP-ase activity of the axoplasm, 
extruded from cleaned giant axons of Loligo pealii, and of the remaining sheath portion. Witli 
the tissue homogenized in 0.58 M KClj and the activity measured in 0.58 M KQ, 0.003 M CaCla, 
veronal buffer (pH = 7.4) and 0.003 M ATP, axoplasm splits phosphate from ATP at the 
rate of about 0.2 7P/mg. wet weight (in 30 minutes at about 26.5® C.), while the average 
figure for the sheath is 19, about 100 times as much. 

Not only is the ATP-ase activity of the nerve fiber almost exclusively confined to the sheath 
portion, but the latter has an activity even greater than that of squid muscle. Contrary to the 
case of cholinesterase, which is also localized in the sheath (D. Nachmansohn and B. Meyerhof, 
Jour. Neurophysiol., 5 : 348-361; 1941), ATP-ase is not more concentrated in the optic ganglion 
than in the nerve. 

The nerve ATP-ase also resembles vertebrate muscle ATP-ase in its substrate specificity (it 
did not appreciably attack hexosediphosphate, muscle adenylic acid, or glycerophosphate, and 
these hydrolyses were not stimulated by Ca*^ addition). Its response to addition of varying 
Ca"^ concentrations was also similar. Ca”^ removal from the tissue by citrate or oxalate 
strongly inhibits the residual activity. However, nerve ATP-ase responded considerably less 
than muscle ATP-ase to the sulfhydryl poisons, 0.001 M p-chloro-mercuric-benzoate, chloropicrin, 
or p-carboxy-phenyl-arsenoxide. 

Work has been initiated in the direction of attempting to make more purified preparations 
of ATP-ase from nerve tissue, so that the physical and chemical properties of this enzyme can 
be more fully compared to the myosin- ATP-ase system. 

An analysis of d-amino acid oxidase in invertebrate tissues.^ Claude A. Villee.- 

In the course of work on the development of a chemically defined medium for Drosophila 
it was found (Schultz, Amt. Rec., 96: 540; 1946) tliat d-amino acids seemed to be toxic to the 
larvae whereas 1 -amino acids permitted normal growth. Since the two t3rpes of isomers are 
metabolized by different enzyme systems in mammals, one possible explanation of this fact is 
that Drosophila lack d-amino acid oxidase. Experiments using dl-alanine as a substrate were 
unable to demonstrate the presence of the enzyme in ground Drosophila larvae (Villee, un- 
published data) . Studies were then made to see if this was a* general phenomenon among in- 
vertebrates, The enzyme was measured manometrically using the Warburg constant volume 
respirometer, dl-alanine as the substrate and with the tissue suspended in a 0.05 M phosphate 
buffer solution at pH 7 or pH 8 (Rodney and Gamer, Jour. Biol. Chem., 125 : 209; 1938). The 
tissues used were suspensions of sea urchin sperm, sea urchin eggs, teased muscle fibers from 
scallop adductor muscle, spider crab daw and tail musde, lobster daw muscle, whelk foot 
(white) and radula (red) muscle, and homogenates of starfish digestive gland and whelkQ^jper. 
None of these tissues, from animals of three different phyla, showed any d-amino acid oxidase 
activity and it is i)ossible that the lack of this enzyme is a general characteristic of invertebrates. 

A study of niicleo proteins from invertebrate tissues. Claude A. Villee." 

Nucleoproteins have been extracted previously from vertebrate tissues, primarily calf thymus 
and fish sperm, and from plant tissue, wheat germ, yeast and bacteria. The present study was 
undertaken to see whether nucleoproteins could be extracted from invertebrate tissues and how 
their properties compared with those from other sources. 

Nucleoproteins were extracted by two different methods, strong salt (2 M NaCl) solution 
or 0.5 per cent"desoxycholate solution, from squid testis, spermatophore sac, sperm receptade 
and ovary ; sea cucumber testis and ovary ; sea urchin sperm and eggs ; starfish testis, ovary and 
liver; whelk testis and chaetopterus sperm. All of these tissues gave viscous solutions on 
extraction and these, on purification and precipitation in distilled water or alcohol, gave white 
fibers. The most viscous solutions were obtained from extracts of squid testis and spermato- 
phore sac; these exhibited strong birefringence of flow. When exammed in the Beckman 
;spectrophotometer, these solutions showed typical nucleoprotein absorption spectra, with a maxi- 

^ I am indebted to Mr. C. Lloyd Claff for the Warburg apparatus used in these experiments. 

® Lalor Research Fellow. 

® Lalor Research Fellow. 
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mum at 2,600 A. The amount of nucleoprotein not extracted by strong saline and extractable 
by desoxycholate is negligible. Nucleoproteins from marine animals differ from vertebrate 
nucleoproteins in being extracted by 2 M NaCl but not by 1 M NaQ. Analyses were made 
for total phosphorus, desoxyribonucleic acid phosphorus, ribonucleic acid phosphorus and phos- 
phoprotein phosphorus by the method of Schmidt and Thannhauser and for ribonucleic acid and 
desoxyribonucleic acid by the method of Schneider. 

The nucleic acid-protein complex of all the nucleoproteins used is dissociated in both 
strong salt solution and in desoxycholate solution. Loligo testis nucleoprotein in 2 M NaCl 
was dialyzed against 2 M NaCl for a week. At the end of that time the outer saline gave 
positive results with the ninhydrin and chloroform gel tests for protein, so the squid testis 
nucleoprotein contains a low molecular weight, dialyzable protein, presumably protamine. The 
nucleic acid-protein complex may be separated by the chloroform-octyl alcohol procedure of 
Sevag. In one experiment this procedure was repeated four times with 24-hour shying periods 
each time. The resulting nucleic acid was practically free of protein; the last chloroform 
extract contained only minute amounts of protein. The separated nucleic acid fibers and protein 
powder have been washed thoroughly with alcohol and ether and dried in vacuo and will be 
used in further chemical studies on the nucleic acid and protein moeities by means of filter paper 
chromatography. 



PAPERS PRESENTED AT THE MEETING OF THE SOCIETY 
OF GENERAL PHYSIOLOGISTS 

September 8 and September 9 

First Session — H. F. Blum, Chairman 

Production oj a wave of negativity by acetylcholine at a phase boundary (model of 
the nerve impulse) . T. C. Barnes. 

The negative phase boundary potential generated by acetylcholine at the interface between 
oil (representing the lipoid layer on nerve) and saline (representing tissue fluid) affords a 
possible explanation of the negative potential associated with activity in the nervous system 
{see Barnes and Beutner, Science, 104 : 569 ; 1946) . It was formerly believed that phase boun- 
dary potentials were direct current potentials giving a permanent shift in base line. Recent 
experiments indicate that a concentration of electrogenic substance too low to establish a 
permanent potential will set up a transient wave at the oil interface. Thus 0.05 mg. acetyl- 
choline in 0.07 cc. saline is placed at the interface between guaiacol and saline generates a 3 mv. 
wave of negativity lasting 0.2 second. The equilibrium concentration in the 200 cc. of saline is 
1 in 6 million. These waves can be repeated many tinaes by adding more increments of acetyl- 
choline. If the acetylcholine is added in a set-up with no oil layer there is no detectable elec- 
trical effect. These signals have been recorded on a Garceau, Rahm and Grass electroencephalo- 
graph, Cambridge electrocardiograph and by a cathode ray oscilloscope and D.C. amplifier 
(through the kindness of Dr. H. K. Hartline). 

Controls of added saline have little or no effect, KCl gives a much smaller negativity than 
acetylcholine but tetraethylammonium iodide is more than twice as active as acetylcholine. 

The one microgram of acetylcholine per gram present in living nerve could produce a wave 
of negativity if released directly on the lipoid surface. 

The interrelation of the chloride excreting cell (gill) and the pseudobranch of 
Fitndubis heteroclitus, D. Eugene Copeland. 

Evidence of a chloride excreting cell type in the gill filaments of Fimdidus hcteroclitns is 
presented. The cell is columnar and usually reaches from the basement membrane to the free 
surface of the gill. In sea water conditions there is typically present an oval vesicle at the 
distal end of the cell. It opens by a small pore to the exterior. Chloride tests (AgNOs-f 
HNOa) give a very strong response in the vesicle and less so in the body of the cell. In fresh 
water conditions the vesicle is always absent. Chloride tests give a response in the cytoplasm 
of the tip of the cell, often giving a bar-like effect. In both conditions the cell is rich in fine 
mitochondria. 

Observations of the gland-like pseudobranch are presented. In sea water condition the cells 
are typically filled with heavy, rod-like mitochondria oriented parallel to the long axis of the 
cell and to the free (vascular) surface of the cell. The rods are grouped parallel to each other, 
giving the cell an appearance somewhat like striated muscle. Preliminary results show a pro- 
gressive granulation of the mitochondria in the fresh water adapting animal, reaching a peak at 
about twenty-four to forty-eight hours, then returning to a rod-like condition almost like that 
found in the sea water condition. In sea water adapting animals there is progressive rod-like 
organization, reaching the typical sea water picture in about twenty-four hours. Three lines 
of evidence suggest a functional relationship of the pseudobranchial and chloride cells. (1) 
Homology, Both cells are acidophilic. Leiner (1938) has demonstrated vesicles in the pseudo- 
branchial cells of Smarts alcedo, (2) Leiner (1938) has localized carbonic anhychase in 
pseudobranch. This might aid in the Cl shift in the chloride cell. (3) Differential behavior of 
mitochondria described above may show a participation in adaptation. 
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Some physiological factors involved in the maximum velocity at which trout swim. 
Kenneth C. Fisher. 

^ It is well kno\v n that trout tend to orientate against a current of water and that they will 
swim actively so as to maintain themselves in a constant position. If the current is gradually 
increased,^ a point is reached above which the fish cannot s\\ im fast enough to maintain the con- 
stant position. The physiological factors which determine this limiting velocity are under 
investigation. 

Rogers showed, some years ago in this department, that the velocity varies with temperature 
and, in fact, that it is a maximum at about 10-15® C., far below lethal temperatures. We find 
now that the frequency of “spontaneous” movements made by fish in still water also varies with 
temperature and shows a maximum at 10-15® C. Furthermore, the limiting velocity for fish in 
a current may be varied in a simplified environment by changing the light intensity. It is, 
therefore, tentatively concluded, that the limiting velocity is determined, in the first instance, by 
the frequency of swimming movements; that the latter occur due to “spontaneous” or other 
stimuli and may then vary in frequency or in strength in accord with the strength and fre- 
quency of these stimuli; and finally, that the response to the stimuli received is modified in 
accord with the ambient temperature by the activity of the body surface temperature receptors. 

Protoplasmic injury substances and their effect on the organmn. L. V. Heil- 

BRUNN AND Louis MoREAU {by invitation). 

Earlier work from this laboratory has shown that when tissues of various organisms are 
injured, substances are produced which have a thrombin-like action in causing the clotting of 
protoplasm in the absence of calcium. We believe that the production of thrombin-like or 
thromboplastic substances by injured tissues may help to explain some of the baffling problems 
of clinical physiology. In earlier experiments we used the protoplasm of sea-urchin eggs to 
test for the presence of thrombin-like substances. In recent work we have used blood clotting 
times as an indicator. For this purpose the frog is a useful experimental animal. When frog 
tissues are injured,^ the frogs show typical shock reactions, but the problem of studying these 
shock phenomena is comparatively uncomplicated, for stoppage of respiratory movements or 
even stoppage of circulation has little immediate effect. We have developed methods for study- 
ing the clotting time of frog blood. When frogs are subjected to violent head injury, the blood, 
when examined immediately, shows shortened clotting time, indicating the release to the blood 
of thromboplastic substance. Some minutes later, there is a counter reaction and the clotting 
time of the blood is prolonged. Injury due to electric currents can also produce changes in 
the blood clotting time. Injury substances may be released from the brain or from the muscles. 
If the muscles of the legs are injured by electric currents, the effect on the frog as a whole 
may be inhibited by ligaturing the upper thighs. We have begun to work also on heat injury. 
In general, the results indicate strongly that various types of tissue injury release thrombic or 
thromboplastic substances to the blood stream, and that these substances can affect tissues 
throughout the organism. 

Preparation and properties of cation-permeable erythrocytes. M. H. Jacobs and 
Marian Willis. 

It has long been recognized that unrestricted permeability of an erythrocyte to both anions 
and cations would be osmotically incompatible with its continued existence. The view has more 
recently been expressed by several workers, particularly by Wilbrandt, that certain so-called 
“non-osmotic” hemolytic agents may act through the creation of a condition of cation permeabil- 
ity, resulting in an osmotic unbalance between the erythrocyte and its surroundings. The present 
paper is concerned with the mode of action of one such hemolytic agent, n-butyl alcohol, which, 
shows in a particularly clear and uncomplicated manner some of the consequences of an induced 
cation permeability. 

Erythrocytes having different chosen degrees of porosity, as measured by a series of non- 
electrolytes of increasing molecular volume, may be prepared by exposure for different lengths 
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of time to a solution of 6 volumes per cent of butyl alcohol in isotonic NaCl, sucrose, or both, 
followed by dilution with and, if desired, by subsequent washing in a pure sucrose or sucrose- 
NaCl solution. The cells so prepared obey very satisfactorily predictions made from newly 
derived equations for the theoretical ionic and osmotic equilibria between cation-impermeable and 
cation-permeable cells and solutions containing NaCl alone, sucrose alone, and both substances 
together. 

Among the theoretical properties of cation-permeable cells shown by erythrocytes treated 
with butyl alcohol are the following; (1) unlimited swelling in all concentrations of NaCl, (2) 
strong and rapid shrinkage in pure isosmotic sucrose solutions, (3) assumption of definite 
intermediate volumes in most mixtures of NaCl and sucrose, with protection against hemolysis 
by extremely low concentrations of sucrose, (4) more rapid swelling rather than shrinkage on 
alkalinization of an external NaCl solution, and (5) shrinkage followed by swelling beyond 
the original volume on the addition of concentrated NaCl to an appropriate external mixture of 
NaCl and sucrose. 


Evidence of active transfer across the human erythrocyte membrane. Paul G. 
LeFevre. 

Following an earlier report concerning the effectiveness of various sulfhydral inhibitors in 
delaying hemolysis of human red cells in isotonic glycerol, the course of the volume changes 
upon addition of glycerol to suspensions of these cells in isotonic salt or sugar solutions was 
followed in the Parpart apparatus. The inhibitory action of cupric and mercuric ions, iodine, 
and p-chloromercuribenzoate upon the rate of entry of glycerol, and the reversibility of this 
inhibition by sulfhydryl groups, -was thus verified. Similar inhibitory effects upon the exit of 
glycerol from cells previously equilibrated with glycerol solutions was observed. The glucoside 
phlorizin, usually considered inhibitory to phosphorylations, exhibited a similar effect; chemical 
methods, however, indicated that no inorganic phosphate was consumed in the accumulation of 
glycerol into these cells. 

The slow swelling of erythrocytes in solutions containing glucose was also delayed by 
phlorizin, and was particularly sensitive to mercuric ion and to p-chloromercurimenzoate, al- 
though cupric ion showed no inhibitory effect whatever. Comparison of the volume changes 
upon addition of various increments of glucose to suspensions of cells in isotonic saline showed 
that the rate of swelling was inversely proportional to the sugar concentration at the higher 
concentrations, but, followed the usual exponential form with the lower concentrations ; this set 
of relations indicated that there was a limiting rate at which glucose could enter these cells, 
regardless of the magnitude of the concentration gradient. Previous equilibration of the cells 
with glucose at 0.05-0.1 M greatly delayed tlie subsequent entrance of glucose when the external 
concentration was raised; this suggests that the postulated transfer mechanism functions only 
when the intracellular concentration is below a certain critical concentration in this range. 
These results have been partly duplicated with galactose or levulose in place of glucose, and 
have been verified by chemical analyses of the glucose content of the suspending medium. 


Phosphatase activity in the chloride cells in the gill of Fundulus heteroclitus, 

Oliye Pettengill. 

^ A histochemical examination of the chloride cells of the gills of Fundultis hcteroclitus 
which had been adapted to both fresh water and salt water was made, using the Gomori tech- 
nique. Material was fixed in cold 80 per cent alcohol or acetone, dehydrated and embedded in 
the usual manner. The substances used which gave a positive reaction were yeast adenylic acid, 
yeast nucleic acid, hexose diphosphate and the standard, beta-glycerophosphate. 

There is .a strong activity in the fresh water gill, localized generally at the distal end, 
between the nucleus and the end of the cell, and the cell seems to be enlarged. In sea water, 
the^ vesicle, which is characteristic of this condition, is surrounded by a very dark ring of 
activity, the signet ring effect. The total amount of activity is less than that seen in fresh water. 

. Copeland (1947) has presented evidence to support the theory that this cell does excrete 
‘Chloride in the salt water fish. One might conclude that the dark ring of phosphatase activity 
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around the chloride-excreting vesicle may indicate an increase in metabolic activity necessary 
to transport the chloride from the cell into the vesicle. This would constitute a physiological 
mechanism to remove chloride from the body. 

Krogh (1939) suggests that euryhaline fish such as Fundulus may have a double mecha- 
nism in the gills that would pump chloride out of the body under sea water conditions and into 
the body under fresh water conditions. It is possible that the two mechanisms are represented 
in a single cell. The strong phosphatase activity in the fresh water form may indicate a reversal 
of the functional polarity of the cell with consequent pumping of chloride into the body. The 
increased amount of phosphatase activity may be indicative of the greater osmotic gradient 
encountered in the fresh water condition. 

Second Session — A. K. Parpart, Chairman 

Permeability to radioactive sodium in frog eggs, William R. Duryee and 
Philiip H. Abelson. 

It is the main purpose of this paper to show how much and how fast radioactive sodium 
(Na^-*) exchanges with normal sodium (Na^®) in a typical vertebrate egg. Secondary pur- 
poses are to show where the sodium goes inside the cell and to throw some light on the regula- 
tive mechanism. Permeability has heretofore been considered chiefly a membrane phenomenon. 
Our results indicate that permeability to sodium is really a more complex matter in that diffu- 
sion through cytoplasm and blocking of internal exchange are the main limiting factors. Due to 
high activity of the Na-^ plus sensitive counters results can be expressed accurately to ± 1 X 
10“® grams Na. 

Ovarian eggs of Rana pipiens were cut apart and exposed to various Ringer solutions made 
up with Na24. Control solutions were made with identical amounts of normal sodium. The 
Na^^ was made by bombardment in the cyclotron. Our criteria of actual penetration were 
three-fold: (a) by radio-autographs of sections of eggs that had been frozen in liquid air, (b) 
by puncturing the cell to remove aliquots of the yolk-cytoplasmic mass for direct measurements 
with a Geiger counter, and (c) by isolation of die cell nucleus for direct measurement. 

A marked difference was found between the up-take curves for live and dead cells. With 
the former radio-sodium rises rapidly in concentration to a value of 2.5 X 10-’' gm. Na in 30 
minutes and tends to level off. At the end of 4 hours the average concentration is 3.7 X 10-^ 
gm. Na per egg. In the case of dead cells Na^^ diffuses in more rapidly reaching a concentra- 
tion of 38 X lO-"^ gm. in 30 minutes and then levels off. These ‘‘terminal values” correspond 
roughly with the total sodium per egg found by direct chemical analysis of the ovaries. It is 
concluded that all the sodium in a dead egg is exchangeable, the membrane forms practically no 
barrier and Na once in the egg diffuses freely. In a live egg only 10 per cent of the total 
sodium is exchangeable. 

From washing experiments with live eggs it is clear that there are two kinds of sodium 
in the cell — one freely mobile and the other slowly exchangeable over a period of ten or more 
hours. Calcium-free or double calcium Ringer solution did not affect the initial rate or quantity 
of exchange of Na^S but after several hours a deficiency in calcium permits an exchange of 
sodium to a level of 6 X lO-"^ gm. as compared with a level of 3 X 10-^ gm. Na per egg immersed 
in a Ringer with twice the amount of calcium. 

From radio-autographs it is evidence that distribution of sodium is relatively uniform 
throughout the cytoplasm in less than 30 minutes, but that it is strikingly concentrated inside 
the nucleus. This shows that the nuclear membrane is readily permeable to Na^^ and that the 
amount of sodium available for exchange is approximately twice as great in the nucleus as in 
the cytoplasm. 

Accumulation and distribution oj radioactive materials in goldfish, C. Ladd 
Prosser. 

In experiments at the Metallurgical Laboratory, University of Chicago, the uptake o^ prod- 
ucts of uranium fission and of radioactive sodium by goldfish was measured. Accumulation of 
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radioactive strontium, barium, rare earths and sodium was rapid initially (during the first few 
hours of immersion) and continued at a rate greater than the loss of radioactivity in the medium 
by decay and adsorption. The ratio of the concentration of active material in the fish to that 
in the solution increased with time. This concentration ratio was usually between 10 and 100. 
The concentration ratio was independent of dose over the range investigated (0.0 1/x C to 
l.OfiC/ml). 

Calcareous tissues, such as skeleton and scales, accumulated about 75 per cent of the radio- 
strontium and radio-barium in the whole fish. Rare earths were accumulated in the visceral 
tissues, especially the intestine, and were more strongly adsorbed on feces and glass than the 
alkaline earths. The comparable distribution, particularly of bone-seekers, on immersion and 
injection, indicated that these elements were taken up through gill and oral membranes and 
were distributed by the blood. Radio-sodium was present in greater proportion in the gills 
at six hours than later. Some fission elements, particularly the rare earths, appeared to be 
precipitated along the intestinal folds. The yolk of eggs in ripe ovaries accumulated rare 
earths but not strontium or barium. 

Young growing or regenerating bone accumulated more radioactive material than did older 
bone; cartilage accumulated none of the bone-seekers. Uptake of Sr^*^ was greater when the 
surrounding pond water was low in calcium (1.8 p.p.m.) than when it was high in calcium 
(36 p.p.m.) . Stable strontium also retarded the uptake of radio-strontium but to a less degree 
than calcium. 

When the fish were transferred from active to inactive pond water they failed to lose their 
radioactivity faster than by decay. The rate of loss of radio-strontium appeared to be un- 
affected by the calcium content of the w’ater. Goldfish were unable to remove appreciable 
quantities of fission elements from suspended clay. 

Third Session — ^J. H. Bodine, Chairman 

A method jor subcooUng cells under microscopic observation at room temperature, 
Robert Chambers and Silvio Beaz (by invitation). 

The principle of the technique is to cool the objective of the microscope so that the objective 
serves as the refrigerator to sub-cool an oil-enclosed hanging drop, containing the specimen, 
suspended from a coverslip which roofs the micromanipulation chamber on the stage of the 
microscope. 

The cooling is accomplished by means of a closed, circular, metal trough placed around the 
objective, and communicating with a tank of compressed gas. The inner wall of tlie trough is 
perforated with holes to permit the expanding gas to blow on the objective. 

The chamber on the stage of the microscope is hermetically sealed off and the movements 
of a microneedle in the chamber are made possible by having it pass through a mercury-filled 
five to ten mm. hole in a brass plate which walls off the end of the chamber directed toward 
the micromanipulator. 

An essential feature is to prevent fogging of the optical system of the microscope. This is 
accomplished by having drierite (CaCla) in a trough inserted into the lower end of a wide- 
barrelled drawtube of the microscope. The front lens of the objective is kept dry by the 
escaping gas rushing about it. The space within the closed chamber is also dried to minimize 
the formation of water condensation on the hanging oil drops. 

The temperature is regulated by varying the rush of the gas and by operating an electric 
microheater consisting of a platinum or nichrome strip of wire in the chamber joining the ends 
of two copper wires connected with a dry battery cell. 

The temperature is determined by the congealing of one or more of several drops of oil- 
mixtures suspended in the chamber. The temperature at which the congealing occurs has been 
previously determined by preparing paraffin wax (50® C. melting point) dissolved in Nujol oil 
at different percentages. 

The hanging drops enclosed in oil cool below their freezing points and freezing is accom- 
pli^ed by “seeding** the drops or the enclosed cells by means of the tip of a microneedle. 

Preliminary experiments on cells indicate that the icicles which form make a pattern in 
accordance with the structure in a living cell. 
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The possible role of peroxidase in cellular y^espiration. David R. Goddard and 
Anne M. Slater. 

The respiration of horse radish root sections as inhibited by low concentrations of cyanide, 
azide, and hydroxylamine ; and photoreversibly by carbon monoxide. The inhibition results are 
identical with those obtained with cytochrome oxidase plants, but extracts fail to show any 
cataljrtic activity with cytochrome c and hydroquinone, and C 3 rtochrome oxidase is presumably 
absent. The experiments appear to establish the respiratory role of peroxidase in this tissue, 
in which the peroxidase is functional with molecular oxygen, that is, it functions as an oxidase. 
The carrier is unknown, but is not dioxymaleic acid, as this compound brings about an extra 
oxygen consumption of one atom per molecule of added substrate. The dioxymaleic acid oxidase 
is probably an artifact. 


Resistance of cell membranes to internal pressures. Peter Rieser {introduced by 
D. V. Hcilbrunn) . Read by Title. 

In connection with other studies from this laboratory on the magnitude of the osmotic 
forces to which a cell membrane is exposed, an attempt has been made to determine in general 
how much pressure the membranes of cells can withstand without rupturing. Accordingly, cells 
were microinjected and the pressure created by the injection was determined. In order to 
accomplish this, a dial-type pressure gauge was connected to the injection circuit in close 
proximity to the micro-pipette. Eggs of the sea-urchin Arhacia punctulata, the starfish Asterias 
vulgaris and the annelid worm Chaefoptcrus pcrgamentaceus, as well as isolated muscle fibers 
of the frog Ram pipieus, were used in the experiments. The plunger of the microinjection 
syringe was pushed slowly either by hand or with the aid of a screw device, and the injection 
fluid — sea-water for the marine eggs and Ringer^s fluid for the muscle fibers — was forced out 
of the pipette. In order to provide for ready visibility, the injection fluids were colored with 
methylene blue. When the pressure became too great for the cell membrane to withstand, the 
membrane ruptured. Typically the break was immediately sealed by the surface precipitation 
reaction. There was rarely any large volume increase of the cell. When the cells ruptured, 
the pressure was read off on the gauge. The values on the gauge ranged from 40-175 mm. Hg. 
Actually, these pressures recorded on the gauge are higher than the pressures acting within the 
cell, for the flow of fluid through the pipette would tend to reduce the pressure existing at the 
tip of the pipette. Thus one may conclude that for various types of cells the pressure necessary 
to rupture the cell membrane is typically less than 40-175 mm. Hg. It is hoped later develop- 
ments will give more exact rather than maximum values. 

The effect of temperature change on the oxygen consumption of yeast. F. G. 

Sherman. 

The effect of changing the temperature on the rate of oxygen consumption of a bottom 
yeast (American Type Culture Collection No. 9080) was determined with a Warburg respirom- 
eter. ^ The yeast was grown aerobically at 30.1® C. for 24 hours in a modification of the medium 
described by Nickerson and Carrol (1943). After harvesting, the yeast "was washed three 
times with M/15 KH 4 PO 4 and resuspended in this buffer. Glucose was tipped in at zero time 
from the side arm of the vessels. Controls were run at 30.1® C. Experimental vessels were 
placed in the 30.1® batli for two hours and then removed to the cold bath for 24 hours after 
which they were returned to the warm bath. A thermobarometer was transferred with the 
vessels when they were removed from one bath to the other. Three series of experiments were 
run with the warm bath at 30.1® C. and the cold bath at 5.2® C., 10.6® C. and 14.8® C., re- 
spectively. The control and experimental vessels were run in quadruplicate in each experiment. 

In every case the yeast which had received cold treatment began to consume oxygen at the 
same rate as the controls when they were returned to the warm bath. In no case was an over- 
shoot or undershoot observed in this yeast under the conditions of these experiments. 
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Studies of the metabolism oj normal and mutant imaginal discs of Drosophila. 
Claude A. Villee. 

A basic problem of physiological genetics is how do embryonic tissues which are going to 
develop into different organs differ in their enzyme constitutions. The imaginal discs of 
Drosophila, discrete groups of cells developing into particular adult structures, provide a means 
of attacking this problem. One approach in analyzing the effects of a gene in development is 
to determine its effect on metabolic activity as reflected by the rate of oxygen consumption. 
This has been done by means of the Cartesian diver ultramicrorespirometer. Previous work 
(Proc, Nat. Acad. ScL, 32: 241; 1946) showed that normal wing discs have a Qoi of 20; 
“miniature” wing discs, a Qoa of 18; and “vestigial” wing discs, a Qoj of 9. The leg discs of 
all three stocks have a Q 02 of 20. On the hypothesis that each gene regulates a particular bio- 
S3mthesis, a search for the enzyme affected by the “vestigial” gene has been made by adding 
specific inhibitors or substrates to the buffer solution containing the disc in the diver. Normal 
and “vestigial” disc respiration is inhibited by cyanide and azide and thus is mediated by an. 
iron or copper porphyrin system, probably the cytochromes. Respiration is also inhibited by 
the hydroxynaphthoquinones SN 5949 and SN 5090, believed to inactivate some enzyme between 
cytochromes b and c. The respiration of “vestigial” discs is increased to that of normal discs 
by ascorbic acid and to a lesser extent by p-phenylene diamine and hydroquinone. These ex- 
periments indicate that the respiratory enzymes of the developing imaginal discs of insects are 
similar to those of a wide variety of cells from bacteria to mammals, that the cytochrome oxidase 
system of “vestigial” is normal and that the “vestigial” gene affects some enzyme below cyto- 
chrome c in the respiratory chain. 

The oxygen consumption of the eye discs of wild type, Bar, and Double Bar larvae have 
been measured similarly; at two hours before pupation their uptakes are 5.7, 7.3, and 8.2 
mlfjL. O^r./disc, respectively. The Bar and Double Bar discs are slightly smaller than wild 
type, so the differences on a Qoa basis would be even more striking. Thus, in contrast to m 
and vg wings, where the structures with smaller adult sizes have a lower Qoa in the imaginal 
disc, the B and BB eye discs have a higher rate of oxygen consumption than the normal eye 
discs although the resulting eyes are smaller than normal. The addition of 0.02 M succinate to 
the substrate increases the oxygen consumption of all three types but the greatest increase 
occurs in wild ts^e: 14.2, 102, and 8.8 m/il. Oa/hr./disc for wild, B and BB, respectively. The 
eye disc respiration is also inhibited by cyanide, azide and the hydroxynaphthoquinones. 


Lipid metabolism in the protozoa. Charles G. Wilber and Gerald R. Seaman. 

It is well known that protozoa contain fat in the cytoplasm and there is some evidence that 
fat c^ be synthesized by these organisms. Identification of fat has previously depended on 
staining reactions with Nile blue sulfate or with Sudan dyes. In order to study the synthesis 
of fat in ciliates, sterile cultures of Colpidium cainpyluMi were grown on fat-free proteose-peptone 
for various periods of time. Lq^ids were estimated by standard biocliemical methods : fatty acid 
by oxidation, phospholipid and cholesterol colorimetrically. The population of the cultures 
reached a maximum of about 65,000 colpidia/cc., 48 hours after inoculation; it remained con- 
stant imtil the fourth day and then rapidly decreased. At all times the amount of fatty acid 
and of phospholipid remained constant in the organisms themselves. Fatty acid in the cell-free 
culture fluid increased linearly until the 4th day, remained constant until the 6th day, and finally 
increased to a ^ximum of 313 mg./lOO cc. on the 8th day. Phospholipid in the culture fluid 
incr^sed Iwearly until the 3rd day ; from the 3rd to the 4th day there was a tremendous increase 
fli phospholipid from 1.6 mg. lipid P/100 cc, to 3.8 mg. lipid P/100 cc. The phospholipid then 
rained constent until about the 6th day after which it increased to 52 mg. lipid P/100 cc. on 
the 8th day. At no time was cholesterol found in the organisms or in the culture fluid. The 
re^ts mdicate that colpidia can synthesize lipids from purely protein sources. There is also 
evidmce the sudden increase in phospholipid foreshadows the decrease in population. 

It IS suggested, as a working hypothesis, that the so-called “growth substance” reported by 
wious wwkers IS lipid in nature. Whether cholesterol, which has been reported to be carcino- 
g^c in action, influences the growth in Colpidium is not at present known. Experiments are 
fo ^Colj^diumc^p^m cholesterol and of other lipids on metabolism and growth 
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Introduction 

111 view of the unusual perfonuance of insect flight muscles, which are able at 
times to make over a million successive contractions at rates up to several hundred 
per second, information on the biochemical transformations which supply the energy 
for this intense activity is of special interest. The purpose of this study has been 
to ascertain what evidence as to the types of substrate utilized during flight could 
be obtained from continuous measurements of the respiratory quotient. 

The earlier students of the respiration of flying insects, whose results have been 
reviewed in detail by Jongbloed and Wiersma (1934), were generally content to 
assume a respiratory quotient of 1. Jongbloed and Wiersma were the first to 
provide an experimental basis for this theory when they allowed individual bees 
to fly for periods of about 5 minutes in closed containers and showed that oxygen 
was consumed and carbon dioxide given off in nearly equal amounts. Beutler 
(1936 a, b; 1937) then demonstrated that bees and some other Hymenoptera were 
dependent upon sugar for the ability to fly, and in fact for the maintenance of life, 
but because of the specialized physiology of bees and their adaptation to the food 
stores of the hive one is hesitant to transfer these findings without further support 
to other types of insects. 

Nevertheless there is evidence that in the Diptera also the flight respiratory 
quotient is 1. Thus, Chadwick and Gilmour (1940) in two short flights of 5 and 
6 minutes duration found with Drosophila replcta an equivalence of oxygen uptake 
and carbon dioxide output, while Williams and colleagues (1943) were able to show 
for D, jmehris and Lucilia sericafa a quantitative correspondence over a period of 
60 to 90 minutes between the rate of disappearance of glycogen and the amount of 
flight activity as measured by the rate of wing-beat and the duration of flight. 
\^iether carbohydrate was the only fuel consumed during these longer flights was 
not determined. Studies of flight respiration by Davis and Fraenkel (1940) and 
by Krogh and Zeuthen (1941) , the most recent known to the writer, were concerned 
primarily with other aspects of the problem, and do not afford a basis for answering 
this question- Therefore, since the technique of Fenn (1928) provides a means of 
making continuous simultaneous measurements of oxygen consumption and carbon 

* Thc.se experiments were done while the writer was a member of the Department of 
Physiology of the University of Rochester School of Medicine and Dentistry. 
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dioxide production, it seemed worthwhile to combine this method with stroboscopic 
detenninations of the rate of wing-beat in order to stud}' possible fluctuations in the 
respirator}' quotient as related to activity, particularly in the later stages of pro- 
longed flights. 

Material and Method 

The procedure followed differed little from that described by Chadwick and 
Gilmour, except that the Warburg manometers of their experiments were replaced 
by a differential volumeter with side tube for conductivity measurements, of the type 
devised by Fenn. The volume of each vessel was approximately 30 ml. ; the capil- 
lary was 30 cm. long and had a capacity of about S cu.mm, per cm. CO, given off 
by the insect was absorbed in 3 ml. of 0.01-0.02 M Ba(OH) 2 , which covered the 
bottom of the experimental vessel and was tipped into the side tube for measurement 
of the change in impedance at intervals of 1 minute while flight was in progress. 
Simultaneous records of O^-consumption were obtained from the movement of an 
index drop in the capillary which connected the control and experimental vessels, 
while wing-beat frequency was measured stroboscopically, as described previously, 
at 10-second intervals. 

The sensitivity of the measurements is estimated as follows : 

CO> : dbO.02 cu.mm. (=1 scale division on slide wire of conductivity 

bridge) 

: ±0.025 cu.mm. (=0.1 mm. on capillar}^ scale read with aid of a 
magnifying glass) 

wing-rate : ± 1 per cent (manufacturer’s specification for stroboscope) 

Relatively greater errors were introduced by imperfect synchrony between the 
three types of measurement, since, for example, a lag of 30 seconds betw'een record- 
ings of oxygen and carbon dioxide would place the second observation in excess 
by 50 per cent of the respiratory rate during the last minute of the period of 
measurement. The observers gave special attention to eliminating this source of 
error in so far as possible, so that when the measured amounts of oxygen or carbon 
dioxide have been summed for periods of 5 or more minutes, the uncertainty from 
this cause may be estimated conservatively at not more than 2 per cent of the totals. 

It is more difficult to take account of lag in the absoq^tion of cai’bon dioxide 
under the conditions of the experiments, where an insect of not more than 1 .5 mg. 
weight in a vessel of 30 ml. capacity was using oxygen and producing carbon 
dioxide at variable rates up to nearly 1 cu.mm per minute. Absorption curves were 
determined for the vessel and showed that when a few ai.mm. of CO^ were intro- 
duced 93-95 per cent was absorbed in 5 minutes, but these could give only an ap- 
proximation to the actual experiments, the purpose of which was to follow con- 
tinuously the unknown and unpredictably changing rate of gaseous exchange of the 
animal. Since the rate of absorption will be proportional at any instant to the 
concentration of gas existing in the vessel, identical quantities of carbon dioxide 
liberated over a given interval of time will give different percentages of absorption 
by the end of the period, if the lag in absorption is appreciable, depending on whether 
the rate of liberation was constant, rising or falling. Thus one would need inde- 
pendent knowledge of the rate of change in rate of COy-production in order to 
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apply satisfactorily any absorption “constants” which had been determined for the 
system. For this reason, no attempt has been made to correct the data presented 
below. 

Lag in absorption of carbon dioxide not only introduces an asynchrony between 
the record of respiratory exchange and the measurements of wing-beat frequency 
when sudden changes occur, but may result also in spurious values for the 
respiratory quotient. Consider, for instance, the consumption of 100 units of 
oxygen and the production of 90 units of carbon dioxide during an interval in 
which only 70 per cent of the carbon dioxide produced is absorbed. Readings taken 
at the beginning and end of this period would indicate a carbon dioxide production 
of only 63 units ; the remaining 27 units of this gas are still in the vessel, however, 
and occupy space vacated by a similar number of units of oxygen. Consequently 
the volumeter records the disappearance of only 73 units of oxygen. The apparent 
respiratory quotient for the period will therefore be given by the ratio 63:73 
(= 0.86), whereas the true value is 0.90. Thus, the apparent respiratory quotient 
is depressed below the true value, if this is less than 1, and elevated above it, if it is 
really greater than 1. In many experiments lag in absorption will not lead to much 
error in the estimation of the respiratory quotient, since, if the rate of production 
of CO, remains constant, the concentration of the gas in the vessel and consequently 
the rate of absorption will rise, so that in course of time the apparent respiratory 
quotient will approach the true value. But in experiments with insect flight, it is 
often impossible to allow time for equilibration after changes in the rate of pro- 
duction of COg 

Evidently, if there had been no other factors to be considered, it would have 
been preferable in this study to have used vessels small enough to make the lag in 
absorption of COg insignificant. But to have done so would have required rather 
drastic changes, which have not yet proved feasible, in the technique of the con- 
ductivity measurements. The data obtained with the larger vessel are therefore 
presented here and are to be interpreted witli appropriate reservations, especially 
for periods in which marked changes occurred in the respiratory rate, such as at the 
beginning and end of flight. 

As specimens for the study, adult males of known age were taken from cultures 
of D. virilis and D, americana, which were kindly supplied by Dr. H. D. Stalker. 
The animals were reared in the laboratory (temperature 20°-25° C.) in half -pint 
bottles on a standard medium. In preparation, the flies were immobilized with 
ether and the dorsal tip of the abdomen fastened with paraffin to a paper mount 
which was later affixed to the stopper of the respirometer vessel. Only one speci- 
men was run at a time. The animal rested in the head-down position in the vessel, 
with the feet in contact with a light spring platform which could be retracted by 
means of an electromagnet situated outside the water bath in which the respirometer 
was immersed. Control measurements were made in order to ensure that the 
respiration recorded was that of the animals rather than the apparatus. 

All experiments were run at a bath temperature of 20.0 =±=0.01° C. After a 
half-hour for equilibration, the resting respiratory exchange was followed for a con- 
siderable length of time (see Table I) before the animal was stimulated to fly by 
withdrawing the platform on which his feet were supported. Flight continued 
until it ceased spontaneously, after which the resting exchange was again measured 
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for a number of hours during the post-flight period. The animal was weighed 
at the conclusion of the experiment. 

These experiments would not have been possible without the interest and co- 
operation of Professor Wallace O. Fenn, in whose laboratory they were carried 
out. I am also indebted to my wife for assistance with the measurements. 

Table I 


PrefligM respiratory exchange in Drosophila 


Sp?ciniftn 



Duration of 

Average 

Aveiage 

Average 

number 

Weight 

Age 

measurements 

COa-output 

Os-uptake 

R.Q. 


mg. 

days 

min. 

cu.mm./s 

pn./min. 


1 

1.5 



39.7 

26.8 

1.48 

2 

0.9 

2 

188 

31.5 

25.1 

1.25 

3 


2 

71.5 

48.5 

32.2 

1.51 

4 

1.0 

2 

148 


29.2 

1.37 

5 


5 



27.6 

0.7S 

6 


2 

253 

3S.6 

32.1 

1.11 

7 

1.1 

2 


33.4 

28.7 

1.16 

8 


2 

181 


19.9 

1.55 

9 

1.5 

2 

380 

23.2 

18.8 

1.23 

10 

1.2 

3 


28.6 

23.1 

1.24 

11 

1.4 

2 

294 

28.1 

25.0 

1.13 

12 

1.1 

5 

367 

2S.3 

18.2 

1.39 

13 

1.5 

7 

369 

20.8 

22.1 


14 

1.2 

2 

191 

37.2 

35.2 


Average 


31.7 

26.0 

1.23 


Specimens numbered 12, 13 and 14 were males of JP. virilis; the others, males of D* americana. 


Results 

а. Respiration before flight 

Data on the respiratory exchange during the period before flight are given in 
Table I, in which the age and weight of the specimens are also recorded. 

The average rate of oxygen consumption (26.0 cu.mm, per gm. per min.) is in 
good agreement with resting values which had been determined for Drosophila by 
other methods (Kucera, 1934; Chadwick and Gilmour, 1940). Comparable figures 
for production of COg seem not to have been published previously. 

б. Respiration during flight 

Of the 14 flies listed in Table I, 6 flew continuously for periods of 56 to 154 
minutes. The respiratory data obtained have been summed for each of these indi- 
viduals over successive intervals of approximately 20 minutes, and are shown to- 
gether with the corresponding average rates of wing-beat and the calculated respira- 
tory quotients in Table II. The correlation between rates of wing beat and of 
respiration is illustrated graphically for 4 of these animals in Figure 1, where each 
point plotted represents approximately 5 minutes of flight. The average rate of 
oxygen consumption during these long flights was about 14 times, and of CO 2 pro- 
duction about 11 times tlie previous resting rate ; in the earlier study with D. repleta 
the average oxygen consumption during flight was 13 times the value at rest. 
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Table II 


Reiipiratory excJiange of Drosophila in successive periods of longer flights 


specimen 

number 

Duration of 
measurements 
min. 

Average 

frequency 

beats/min. 

Total 

COi-output 
cu. mm. 

Total 
Oa-uptake 
cu. mm. 

Average 

R.Q. 

i 

22 

9208 

17.14 

16.09 

1.06 


22 

9125 

16.39 

17.68 

0.93 


21 

8669 

13.75 

14.34 

0,96 


22 

6927 

8.82 

9.31 

0.95 

3 

21,5 

9233 

8.21 

7.17 

1.14 


20 

7892 

5.81 

5.82 

1.00 


20 

7580 

5.82 

5.61 

1.04 


9.3 

7004 

1.95 

2.32 

0.84 

10 

20.3 

9345 

14.48 

13.89 

1.04 


20 

8721 

11.67 

11.36 

1.03 


22 

7860 

10.68 

9.98 

1.07 


21.3 

7827 

10.13 

10.45 

0.97 


21 

7729 

9.29 

9.77 

0.95 

1 

20.5 

8065 

10.88 

[ 11.03 

0.99 

1 

20.2 

8181 1 

11.10 

1 11.69 

0.95 


8.8 

8201 

4.97 

4.66 

1.07 

11 

19.0 

9111 

11.60 

11.92 

0.97 


‘22.3 

8219 

12.60 

12.41 

1.01 


18.7 

7071 

7.10 

7.79 

0.90 


22.2 

6756 

7.95 

8.09 

0.98 


20.2 

6519 

7.41 

7.56 

0.98 


22.7 

6638 

7.14 

8.06 * 

0.89 


21.5 

6354 

6.19 

6.30 

0.98 

n 

20.2 

7659 

8.83 

8.96 

0.98 


17.5 

7450 

8.09 

7.30 

1,11 


18,0 

6917 

6.48 

6.09 

1.06 

H 

21.0 

8289 

9.90 

10.29 

0.96 


17.3 

7128 

8.59 

8.69 

0.99 


1.U 

7869 

6.52 , 

6.78 

0.96 


12.8 

7632 

5.87 

S.94 

0.99 


Performance in shorter flights is depicted adequately by the data for the initial 
periods of those flies which flew for longer times, and was covered also in the earlier 
publication. 

c. Respiration after flight ' 

Irregularly spaced measurements of oxygen consumption and carbon dioxide 
production after flight were made on the 6 individuals which flew for long periods. 
These have been recorded in Table III. Differences between the rates determined 
after flight and the average rates before flight are wshown in columns 5 and 6 of the 
table. 
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Table III 


Respiratory exchange of Drosophila after long flights 


Specimen 

Interval of 

Rate after flight 

Excess over rate 
before flight 

Postflight 

R.Q. 

number 

measurement 

COs 

i 02 

COx 

0, 



min. 

cu.mni./gm./mia. 

cu.mm./gm./min. 


1 

0-5 

75 

128 

35 

101 

0.58 


5-10 

39 

36 

-1 

9 

1.07 


10-30 

25 

41 

-15 

14 

0.60 


30-50 

23 

31 

-17 

4 

0.76 


50-92 

22 

45 

-18 

18 

0.47 


92-1065 

17 

31 

-23 

4 

0.56 


1065-1133 

17 

38 

-23 

11 

0.46 


1133-1199 

15 

21 

-25 

-6 

0.72- 


1199-1231 

16 

16 

-24 

-11 

1.00^ 

3 

0^.7 

161 

117 

112 

85 

1.39 


4.7-25.7 

41 

77 

-8 

45 

0.54 


25.7-52.7 

17 

31 

-32 

-1 

0. S 7 

10 

0-5 

145 

140 

116 

117 

1.04 


5-14 

S 3 

89 

24 

66 

0.60 


14-20 

42 

58 

13 

35 

0.72 


20-31 

34 

36 

5 

13 

0.96 


31-787 

19 

28 

-10 

5 

0.66 

11 

0-13 

66 

83 

38 

60 

0.79 


13-23 

33 

29 

5 

4 

1.12 


23-43 

25 

24 

-3 

-1 

1.01 


43-59 

26 

25 

-2 

0 

1.04 


59-70 

23 

30 

-5 

5 

0.76 

13 

0-8,5 

no 

85 

89 

63 

1.28 


8.5-20.5 

53 

43 

32 

21 

1.22 


20.5-37.5 

32 

29 

11 

7 

l.ll 

14 

0-8.3 

92 

87 

55 

52 

1.06 


8.3-22.7 

44 

42 

7 

7 

1.06 


22.7-50.2 

32 

39 

-5 

4 

0.83 


50.2-75.2 

34 

38 

-3 

3 

0.90 


* Specimen moribund. 

Rates are given to the nearest whole number; R.Q. computed from actual observations. 


Discussion 

a. Respiration before flight 

The most striking feature of the prefliglit respiration was the high respiratory 
quotient, which averaged less than 1 with only 2 of the 14 individuals examined 
(Table I). So far as could be determined, these observations were not the result 
of any artefact in the experiments and at first it was thought possible that the flies 
might be giving off ammonia as an end product of protein breakdown. If this 
should occur, the volumetric determinations of oxygen consumed would yield er- 



RESPIRATORY QUOTIENT DURING FLIGHT 


235 


roneously low values, while there would be no interference with the absorption of 
COg. The possibility was ruled out in several ways. In some experiments (num- 
bers 12, 13 and 14 of Table I) an acid-soaked piece of filter paper was suspended 
in the experimental vessel, but high respiratory quotients were found throughout 
most of the period nevertheless. In other experiments, indi^ndual flies were con- 
fined over acid, which was then tested with Nessler’s reagent for the presence of 
ammonia. A few early trials gave some positive results, but later when more care 
was taken to exclude contamination from outside sources, even large numbers of 
flies failed to produce significant amounts of ammonia. The high respiratory quo- 
tients were characteristic only of the first three hours or so of measurement, and fell 
to values of 1 or somewhat less when the observations were carried over longer 
periods. 

While no definite explanation can be given for these facts, which deserve fur- 
ther study, it is suggested that the flies, recently removed from food in the culture 
bottles, may have been laying down energy reseiw^es by conversion of carbohydrate 
to fat. Jongbloed and Wiersma (1934) occasionally noted high respiratory quo- 
tients before flight in their experiments with bees, but w^ere inclined to ascribe these 
aberrant values to experimental error. 

&. Respiration and rate of zinng-beat during flight 

Two objectives were in mind during this phase of the experiments : (1) measure- 
ment of the respiratory exchange, and (2) a retesting of the correlation found in a 
previous study between rate of wing-beat and the level of the respiratory metabolism. 

As may be seen from the data in Table II, very seldom did the observations indi- 
cate a respiratory quotient significantly different from 1, even in the later stages of 
continuous flights which lasted from 1 to 2 or more hours. Thus the conclusion 
reached by Williams and colleagues on the basis of glycogen determinations, that 
cartohydrate constitutes the chief source of the energy required for flight, receives 
strong support from the present observations. These workers found that 4 to 5 
day old jD. funebris when freshly removed from culture contained glycogen to the 
extent of 4.88 per cent of the live w^eight. After 90 minutes of flight only 1.30 
per cent remained, so that its rate of disappearance, in terms of the weight of the 
animal, amounted to a])Out 2.4 per cent per hour. Very similar results were ob- 
tained from analyvses of thoracic glycogen in the blowfly, Lucilia scricata. 

For c()m])arivSon, the weights of glycogen equivalent to the CO^ which vras pro- 
duced in the flights of the present study have been calculated. It \vas assumed that 
complete oxidation of the carbohydrate to CO^ and water occurred, on which basis 
the rate of utilization of glycogen during flight amounted to from 2.0 to 3.2 per cent 
of the final live weight per hour (Table IV). These figures are sufficiently close 
to those obtained by Williams et aL to make it seem likely that glycogen is not 
merely the principal, but probably the sole source of energy consumed during flight ; 
however, the scatter in the results is such as not to exclude the possibility that 
smaller amounts of other types of substrate might also have been utilized, although 
there is no definite evidence pointing in this direction. 

An intimate correspondence between the level of activity and the respiratory 
rale is brought out in the plots of Figure 1, where the logarithms of the rates of 
COa-production are compared with the logarithms of the rates of wing-beat. Each 
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point represents the average rates over a period of approximately S minutes, and 
the rate of production of CO » has been corrected by subtraction of the average rate 
found for the specimen in the preflight resting period. 

Table IV 


Glycogen equivalents of respiration of Drosophila during long flights 


specimen 

number 

Weight 

Duration 
of flight 

Total 

wing-beats 

(approximate) 

Total COi 
produced 

Calculated consumption 
of glycogen 








per cent of 


mg. 

min. 


cu. mm. 

micrograms 

micrograms 

body weight 







per hour 

1 

l.S 

87 

738,000 

56.10 

110.0 

67.5 

3,2 

3 

0.9 

71 

573,000 

21.79 

42.7 

26.2 

2.4 


1.2 

154 

1,268,000 

83.20 

163.0 

100.0 

3.2 

11 

1.4 

147 

1,064,000 1 

60.00 

117.6 

72.2 

2,1 

13 

l.S 

56 


23.40 

46.0 

28.2 

2.0 

14 

1.2 

64 

484,000 

31.29 

61.5 

37.7 

2.9 


Inspection of the graphs shows clearly that there must be some underlying linear 
relationship between the logarithms of frequency and respiratory rate. Similar 
results had been obtained during shorter flights in the majority of the experiments 
of Chadwick and Gilmour, who reasoned from a comparison of wing movement 
with simple harmonic motion that the work done per stroke should be proportional 
to the (frequency)®, *80 that a direct proportionality between (frequency)® and tlie 
oxygen consumption per stroke would be expected. Essentially the same relation- 
ship was developed from a somewhat different approach by Reed et ai, (1942) in 
a study in which the characteristic rate of wing-beat under standard conditions was 
compared with various bodily dimensions for a number of species and races of 
Drosophila. The formula they derived, 

(wing-beat frequency)® = ^ X muscle volume/(wing area) (wing length)®, 

expresses the fact that the (wing-l)eat frequency)® increases in direct proportion to 
the power of the motor mechanism and in inverse proportion to the resistance to 
be overcome by the wings. 

If the work done per stroke is proportional to the second power of the fre- 
quency, then the work done in unit time must be proportional to (frequency)®, 
and this quantity would be related directly to the rate of respiration, the energy 
input, through an efficiency factor. In the absence of satisfactory determinations 
of the work output of Drosophila in flight, the actual efficiency remains unknown, 
but the coefficient may be supposed to include, in addition to the overall efficiency 
of the biochemical transformations which supply the energy of muscular contrac- 
tion, a second component expressing the efficiency with which the thorax and wings 
are able to translate muscular w^ork into movement of air. A perfectly linear rela- 
tionship between (frequency)® and rate of respiration would indicate that the effi- 
ciency remained absolutely constant throt^hout the period of flight, or that changes 
in efficiency were exactly balanced by shifts in amplitude or in the angle of attack. 
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As an aid in visualizing the actual performance, straight lines have been drawn 
through each of the plots in Figure 1 to conform to the equation 

log {CO.Jt - r) + log fe = 3 log F, (1) 

where COg = total COg recorded during time t 

r = mean rate of production of COg during the preflight resting period, 

and 

F = average frequency during time t in wing-beats per minute. 






Figure 1. COi-output as a function of wing frequency in Drosophila, Each point repre- 
sents the average rates during a 5-minute period of flight. The broken lines were calculated 
to conform to the equation log iCOj/t-r) +iog ^ = 3 log F, with values chosen for log k 
as follows: Specimen number 1, 12.03; number 3, 12.32; number 10, 12.05; number 11, 12.03. 
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The quantity k includes a proportionality factor, plus the efficienc}% and probably 
also a component related to the bodily proportions of the individual insect, in ac- 
cordance with the findings of Reed ei aL The values of k used for determining the 
lines of Figure 1 were calculated for each specimen by averaging the values obtained 
when the paired observations of (COoA ^ were substituted in Equation 1. 

Although it is evident from the graphs that there is a fairly close correspondence 
between performance as predicted by Equation 1 and the actual observations, it is 
clear also that measurements covering a given 5-minute period may depart rather 
widely from expectation. These random variations are to be explained as due in 
part to experimental error, the result chiefly of lag eifects in absorption of CO^ 
when rapid shifts in the rate of respiration occurred, and may be ascribed also in 
some measure to alterations in the' amplitude of the wing stroke and in the angle 
of attack. Since the work output per minute would vary with the third power of 
the amplitude and with the sine the angle of attack, small variations in these 
quantities would exert an appreciable effect. Such changes are not infrequently 
noticed under stroboscopic illumination, but unfortunately no satisfactory technique 
has been developed for their measurement. The absence, in spite of these irregu- 
larities, of any consistent trend away from the linear relationship between F® and 
COg-output as low’er rates are encountered in the later stages of flight is noteworthy, 
since it shows that in general the efficiency of flight is the same at this time as when 
the animals were fresh. This could hardly be the case if any great shift had taken 
place in the biochemical reactions which deliver the energy for flight; thus these 
observations give added support to the inference already drawn from the respira- 
tory data: that metabolism of carbohydrate furnishes the energy utilized throughout 
the entire period. 

c. Respiration after flight 

For the first 5 or 10 minutes following flight the measurements consistently 
yielded resting rates of respiration much higher than those found before flight (see 
Table IV). This is almost certainly an artefact resulting from lag in absorption 
of COg which had been given off during the flight period, and should not be re- 
garded as evidence for an oxygen debt incurred during activity. With smaller 
vessels in which the lag in absorption was negligible, it was shown previously that 
the oxygen debt represented an amount sufficient to sustain flight for only a frac- 
tion of a minute, that it was independent of the length of flight, and that it was paid 
off in 2 minutes after flight had ceased. 

During subsequent periods rather variable results were obtained, both as regards 
the respiratory level and the respiratory quotient. Experimental error was magni- 
fied at the lower rate of gaseous exchange, and in addition the activity of the speci- 
mens varied from time to time. Nevertheless, the values found for tlie respiratory 
quotient were often significantly less than 1, although the rate of oxygen consump- 
tion fluctuated for some hours within a range close to the preflight average. These 
observations accord with other evidence that the carbohydrate reserves are seri- 
ously depleted by extended flights. 

It is obvious, of course, that flight may be, and normally is terminated by causes 
other than exhaustion of carbohydrate, and since some individuals were found to be 
able to fly for over 2 hours, there is a fair presumption that specimens whose per- 
formance fell short of this figure may have ceased flying with a considerable store 
of carbohydrate still in reserve. Some of the higher respiratory quotients recorded 
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after flight may be accounted for on this basis. The fact that other individuals 
survived for a number of hours with respiratory quotients of 0.70 or less points to 
a fundamental difference between the resting metabolism of Drosophila and bees, 
which according to Beutlcr succumb within a few minutes if they are allowed to 
fly until their carbohydrate is exhausted. The suiwival of these flies presents an 
opportunity for investigating the process of recovery under controlled feeding which 
could be made to yield valuable information as to the type of substances which 
can be converted into sources of energy for flight, a phase of the subject concerning 
which nothing is known at this time. 


Summary 

1. Continuous volumetric measurements of oxygen consumption and conducti- 
^merric measurements of carbon dioxide production were made at 20° C. on indi- 
vidual specimens of Drosophila americana and D. virilis: (a) before flight; (&) 
during flight to exhaustion; and (c) after flight. During flight the rate of wing- 
beat was determined stroboscopicaily. 

2. Before flight, the average results were: COo, 31.7 cu.mm, per gm. per min.; 
O 2 , 26.0 cu.mm, per gm. per min.; R. Q., 1.23. 

3. During flights lasting from 56 to 154 minutes the rate of respiration was ap- 
proximately proportional to (wing-beat frequency) ®. The rate of oxygen consump- 
tion averaged 14 times and the rate of COg-production 11 times the previous resting 
rate. The R. Q. was essentially 1. 

4. Variable rates of respiration were observed after flight; the R. Q. was fre- 
quently much less than 1. 

5. It is concluded that carbohydrate furnishes the principal and possibly the only 
source of energy for flight, and that Drosophila are able to survive for some hours 
after their carbohydrate has been exhausted. 

LITERATURE CITED 

Heutler, R., 1936a. ’Ober deii Blutzucker der Bienen. Vcrh, Dfsch, ZooL Gcs, Leipzig, 38: 
140-146. 

Beutler, R., 1936b. Uber den Blutzucker der Biene (Apis mellifica). Die Naturwiss., 31: 
486-491. 

Bp.utler, R., 1937. Dber den Blutzucker der Bicnen. Ztschr, /. zwrglcich. Physiol., 24: 71-115. 
Chadwick, 1^. E., and D. Gilmour, 1940, Respiration during flight in Drosophila repleta 
Wollaston: the oxygen consumption considered in relation to the wing-rate. Physiol. 
ZooL, 13:398-410. 

Davis, R. A., and G. Fraenkel, 1940. The oxygen consumption of flies during flight Jour. 
Exp. Biol, 17 : 402-407. 

Fenn, W. O., 1928. A new method for the simultaneous determination of minute amounts of 
carbon dioxide and oxygen. Amcr. Jour. Physiol, 84: 110-118. 

JoNGBLOED, J., AND C. A. G. WiERSMA, 1934. Der Stoffwechsel der Honigbiene wahrend des 
Fliegens. Ztschr. f. vcrgleich. Physiol, 21 : 519-533. 

Krogh, A., AND E. Zeuthen, 1941. The mechanism of flight preparation in some insects. Jour. 
Exp. Biol, 18: 1-10. 

Kucera, W. G., 1934. Oxygen consumption in the male and female fly, Drosophila melano- 
gaster. Physiol. Zool, 7: 449-458. 

Reed, S. C., C. M. Williams, and L. E. Chadwick, 1942. Frequency of wing-beat as a char- 
acter for separating species, races and geographic varieties of Drosophila. Genetics, 
27 : 349-361. 

Williams, C, M., L. A. Barnes, and W. H. Sawyer, 1943. The utilization of glycogen by 
flies during flight and some aspects of the physiological ageing of Drosophila. Biol 
Bull, 84; 263-272. 



Tlin; EFFECT OF ILLUMINATION AND STAGE OF TIDE ON 
THE ATTACHMENT OF BARNACLE CYPRTDS - 


CHARLES M. WEISS 

IVoods Hole Oicanographic Instiiutlon, IVoods Hole, Mass 

The attachment of barnacle cyprids to exposed surfaces is influenced by the 
degree of illumination and the surface color. Cyprids of Balamis amphitrite and 
Balaniis improvisus were found by Visscher (1927) to attach in greater numbers 
to dark or shadowed surfaces. McDougall (1943) noted this same behavior for 
the cyprids of B. ebiirnens. When exposed only at night, however, Pomerat and 
Reiner (1942) noted that B. ebimicus attached to black, clear and opal glass in 
equal numbers. Twice as many barnacles attached to the black glass in natural 
day-night exposures. Gregg (1945) investigated the effect of contrasting dark 
surfaces against lighter general surroundings. He concluded that while no corre- 
lation could be established between the degree of contrast and the frequency of 
attachment, “shading” was suggested as acting as a stimulus to the attachment of 
the larvae of S. ebnrneus to opal glass collectors. 

In the present investigation the rate of attachment of cyprids of B, improvisus 
during daylight and night exposures, and the effect of artificially illuminating the 
collecting surface at night were observed. The effect of the tide on the rate of 
attachment of cyprids was also studied. This work was carried out at the boat 
shed of the Beach Boat Slips Corporation in Biscayne Bay, Miami Beach, Florida. 

Methods 

Four stations for sampling the barnacle cyprid population were established under 
and adjacent to a covered boat slip which extended 250 feet from the shore, the 
stations licing at the outer end of the shed. 

Stations A, B and C were control stations for comparivson with Station D, which 
was illuminated at night. Stations A, D and B were spaced 55 feet apart, in that 
order in a north-south line paralleling the general flood and ebb movement of the 
tidal current. Station C was located 60 feet to the west of Station D, The condi- 
tions of natural and artificial illumination at each of these stations were as follows : 
In the daylight hours illumination at each of the four stations was nearly the same 
through the day. The intensity at each location depended on the proximity of the 
shadow of the shed. At Station A, daylight illumination was skylight ; at Station 
B, the collector swung in and out of the sun and shadow of the shed with the phase 

Contribution No. 400 from the Woods Hole Oceanographic Institution. The observations 
were made during an investigation by the Woods Hole Oceanographic Institution under con- 
tract with the Bureau of Ships, Navy Department, which has given permission for their publi- 
cation. The opinions presented here are those of the author and do not necessarily reflect the 
official opinion of the Navy Department or naval service at large. The author is indebted to 
Dr. B, H. Ketchum, Dr. L. W. Hutchins and Dr. A. C. Redfield for helpful advice and criticism 
and to Mr, Alexander C Frue for assistance in making the observations. 
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of the tide ; and Station C was in full sunlight, whereas Station D was under the 
shed roof and in the full shadow. At night. Station D was artificially illuminated, 
while Stations A, B and C were in darkness. 

Collecting units consisting of four pieces of black glass (500 sq. cm. collecting 
area) were suspended from a float. The surface panel was horizontal while the 
others, at depths of 2, 6 and 10 feet, were hung in a vertical position. The 10-foot 
level was just above the bottom at low tide and three feet higher at high tide. 

The periods of collection, day and night, were eleven hours each, from 7:30 
a.m.“6:30 P.M., and 7:30 p.m.“6:30 a.m. The eleven-hour exposure permitted no 
significant overlapping period of dark to light or light to dark when the collectors 
were in the sea. The one-hour interval between exposures permitted counting, 
cleaning and reimmersing of the collection units. 

Table I 


Numbers of cyprids attachmg during consecutive night and day periods of eleven hours each at 
three stations. The figures are the sum of the collections on four panels of 500 sq. cm. area each^ hung 
at different depths. 


Cyprid attachment night 

Cyprid attachment day 

Average 

Stations 

Stations 

Night 

Day 







A 

B 

C 

A 

B 

C 



*394 

205 

306 

403 

614 

784 

302 

600 

418 

279 

272 

386 

897 

997 

323 

760 

463 

534 

778 

1361 

1392 

2018 

592 

1590 

434 

768 

497 

701 

666 

1147 

566 

838 

296 

160 

483 




313 


*+444 

533 

432 

2352 

1149 

3564 

470 

2355 

391 

446 

541 

636 

569 

1829 

459 

1011 

255 

201 

479 

432 

881 

1092 

312 

802 

219 

168 

240 

676 

564 

1581 

209 

940 

114 

99 

101 




105 



* February 11, 1946-February 16, 1946. ** February 26, 1946~Marcli 3, 1946. 


Although the source of illumination at Station D remained fixed while the col- 
lector unit which hung below it rose and fell with the tide, an average distance of 
5 feet from the lights to the water surface was used in calculating the value of inci- 
dent illumination at the water surface and at the 10-foot depth. The incident illu- 
mination five feet from the lights was measured by a direct reading photometer and 
that at the 10-foot level calculated by using an absorption factor for the local waters 
determined with an underwater photometer. 

The study of cyprid attachment relative to stage and direction of tlie tide was 
made by counting the cyprids attaching, during intervals of two hours throughout 
a tidal cycle in daylight hours only. The collecting units were the same as those 
employed in the illumination experiments. 
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Diurnal Variation in Cyprid Attachment 

Observations on five successive nights and four intervening days in two separate 
series indicated that many more cyprids settled during the period of daylight, as 
shown in Table I. In the first set of observations, the ratio of the average of all 
the day collections to the average of the corresponding night collections indicated 
an increase of 2.1 times the number of cyprids attaching in daylight, while in the 
second series the ratio of day to night attachments was 3.5. 

It is of interest to note that in tlie first set of collections when the cyprid density, 
as shown by total attachment day and night, was lower than the second set of col- 
lections there are examples of day collections being nearly of the same magnitude 
or even slightly less than the night attachments. This condition was found only at 
Stations A and B which were wholly or partially shaded from direct sunlight during 
the daylight hours. A partial explanation of the relatively high night attachments 
of the first set of collections may be due to the fact that these were made under the 
full of the moon whereas the second set were made in the dark of the moon. How- 
ever, when the C 3 rprid density was high, as during the second set of observations, 
no discrepancies from the diurnal fluctuation in attachment were noted. The maxi- 
mum differences between night and day attachments were always found at Station 
C which had the maximum difference in illumination. 

Vertical Distribution of Cyprid Attachment 

The vertical distribution of barnacle cyprids at Stations A, B and C showed no 
consistent pattern which would suggest dependence on any particular controlling 
factor. In the first set of collections, shown in Figure 1, the maximum numbers at 
Station A, both day and night, were found at the 2-foot level. At Station B, all 
the day collections showed cyprid peaks at the 6-foot level, whereas, at night, attach- 
ment was nearly uniform between the 2-foot level and the bottom, except for one 
observation. At Station C, the day collections resulted in maxima at the 2-foot 
level on three occasions and a 6-foot maximum on one occasion. 

The second series of vertical samplings, as shown in Figure 2, were made at a 
period of higher cyprid density which resulted in collections of considerable magni- 
tude for several of the eleven-hour periods. However, no consistent pattern of 
vertical distribution was apparent. 

This erratic distribution of cyprids, both vertically and in comparison of sta- 
tions, is of particular interest, in view of the relatively close proximity of the col- 
lecting units. The apparent random attachment of cyprids to the collecting units 
is probably due to a nonuniform distribution of C 3 rprids in the water. Since the 
number of cyprids attaching does not decrease with depth, it is apparent that inten- 
sity of illumination does not control vertical distribution. 

Effect of Artificial Illumination on Cyprid Attachment 

The normal diurnal cycle, vrith lower attachment numbers at night, was abol- 
ished by the use of artificial illumination at night at Station D. The c)^rid attach- 
ments at night under artificial illumination at Station D were greater than the day- 
light counts at this location and were nearly as large as the daytime collections at 
Station C where the intensity of daylight illumination was greatest. As shown in 
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Figuhe 2. Vertical distribution of cyprids at four stations as collected- in eleven-hour periods, February 26, 1946- 
March 3, 1946. The tidal curves at the top of the figure represent the stages of the tide in which the collection took 
place. The numbers over the night collections of Station D are the illumination values in footcandles at the water 
surface used for that exposure. 
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Figures 1 and 2, artificial illumination, however, had little if any effect on vertical 
distribution of the cyprids. 

In order to determine tlie intensity of illumination necessary to increase the 
cyprid attachments at night, the illumination over the collectors at Station D was 



Figube 3. Total cyprid attachment for the eleven-hour collection periods at each station. 
The numbers plotted with Station D, night collections, are the values in footcandles at the 
water surface of the artificial illumination employed. 

systematically changed. In the first series, the incident illumination at the water 
surface was varied from 36-1.0 footcandles, and in the second experiment, from 
1.0-0,00 footcandles. The variations in vertical distribution at each station, whidi 
are apparently due to other factors, have been smoothed by totaling the cyprid accu- 
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niulations from each of the four glass collectors. This figure then represents the 
catch from the cyprid population of a vertical column of water. As shown in Figure 
3, the illumination of the collectors at Station D resulted in a two to sevenfold in- 
crease in numbers of cyprids attaching over those found on the control surfaces. 
The daily variation in cyprid numbers attaching at night to the illuminated collectors 
of Station D resembled more nearly the daily fluctuation in cyprid density as found 
on the daylight collections of Station C. Although the night collections of Station 
D paralleled the cyprid density fluctuations as found at the unilluminated stations, 
they were of course several times greater in magnitude. This result was obtained 
within the limits of illumination of 36 to .08 footcandles at the water surface. On 
the final night exposure of the second series, when Station D was not illuminated, 
its cyptid collection was still slightly greater than the other three stations. How- 
ever, this difference is probably within the normal variation. During the day the 
collections at Station D were of the same magnitude as at A and B and considerably 
less than those at C 

Table II 


Numbers of cyprids attaching in eleven hours at night at the 10-foot depth at Station D as related 
to quantity of artificial illumination and in comparison with the simultaneous attachment at Stations 
A , B and C. 


Value of 

illumination at D 
at 10-loot depth 
(footcandles) 

Stations 

D 

A 

B 

C 

D 

1/3(A+B+C) 

*5.2 

no 

45 

87 

102 

1.3 

5.2 

38 

71 

56 

219 


2,5 

45 

117 

184 

318 

2.8 

.71 

42 

206 

136 

169 

1.3 

.14 

44 

34 

90 

64 

1.1 

** .14 

78 

92 

135 

1005 

9.9 

.09 

59 

71 

158 

710 

7.4 

,03 

65 

37 

81 

257 

4.2 

,001 

38 

44 

66 

77 

1.6 

.000 

7 

1 

15 

33 

21 

1.1 


* Five consecutive nights — February 11, 1946-February 16, 1946. 
** Five consecutive nights — February 26, 1946-March 3, 1946. 


The artificial illumination, even at the 10-foot depth, consistently increased the 
number of cyprids attaching to the collecting surface of Station D in comparison 
with the control stations, as shown in Table 11. The ratio of the attachment at 
Station D to the averages of Stations A, B and C indicates the degree of change in 
attachment due to illumination. The greatest differences between the illuminated 
collectors and controls occurred on the second and third nights of the first experi- 
ment when cyprid attachment was at a maximum. In the second set of exposures, 
when cyprid density was high, all the collections at the 10-foot level of Station D, 
even though the illumination was very low, were invariably greater than all the 
controls. 

As indicated above, the illumination of the water surrounding the collectors was 
varied systematically to determine the minimum value to which the cyprid would 
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respond. When the cyprid density was high, thus providing more organisms which 
would by random selection be subjected to the contrast of luminous zone and dark 
area, the greatest change in C 3 rprid attachment occurred when the illumination of 
the water surface was changed from 0.6 to 0.2 footcandle. At 0.6 footcandle and 
greater intensities, the difference in cyprid settling, in comparison to the controls, 
was sevenfold, while at 0.2 footcandle and less, the increase over the control col- 



Figure 4. Bi-hourly cyprid attachment at each station totaled from the four collectinR 
surfaces. The height of tide is noted in decimeter units. February IS, March 7 and 8, 1946. 

lectors was only twofold. However, at illumination as low as .03 footcandle, in- 
creases in attachment over control collectors were still considerable. 

Previous investigations (Visscher, 1927; Pomerat and Reiner, 1942; and 
McDougall, 1943) showed that the bamade cyprid attaches in daylight in greater 
numbers to dark surfaces than to light surfaces. At night, as is to be expected, 
there is no distinction between the two colors. In this investigation illumination 
of dark collecting surfaces at night increased attachment. One effect of illumination 
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is to increase the contrast between the dark surfaces and the surrounding water. 
In waters with considerable suspended material, as usually found in harbors and 
estuaries, a beam of light is markedly scattered, producing a general illumination 
in the water. A piece of black glass suspended in these waters under a source of 
illumination was discernible to the observer as a black area surrounded by brighter 
water. When the water appears brighter than tlie collecting surface, at night 
because of artificial illumination, or during daylight, the cyprids may be attracted 
to the darker area by some negative phototropic response and may accumulate there 
in greater numbers than would result from chance encounters. In contrast, in 
the absence of light at night, the numbers of C 5 rprids attaching may depend solely 
on chance encounters with the collecting surface, and are consequently lower than 
during periods of illumination. 


Effect of Stage of Tide 

On collectors exposed through the day and examined at two-hour intervals, the 
maximum numbers of cyprids attached during the low-tide period as shown in 
Figure 4. This was found whether the low tide occurred at midday, in the early 
morning, or late afternoon. As in the case of the longer exposures, there was no 
indication that the distribution of cyprids on the panels was influenced by the depth 
at which they were hung. 

At the location of this experiment, the ebbing tide brings to the boatshed 
water which is isolated within the bay. It is replaced at high tide with oceanic 
water entering the bay on the flood. This is shown by the change in density ac- 
companying the tidal cycle. The isolation of the bay water permits development 
of a large cyprid population, since few of the plankton stages are lost into the ocean 
prior to metamorphosis to the C 3 q)rid stage. At the low-tide period, the sampling 
location was occupied by the bay water with high cyprid content, and this apparently 
accounts for the greater attachment at that lime. The high attachment at low tide 
cannot depend upon the lessened flow at that time, since a similar slack water occurs 
at high tide when the attachment is minimal. 


Summary 

1. The cyprid larvae of Bdlanus improvisus were found to settle in a diurnal 
rhythm with maximum numbers attaching during daylight hours. 

2. No consistent pattern of vertical distribution of the cyprids was found. 

3. The normal diurnal cycle in rate of attachment of barnacle C 5 q)rids was nulli- 
fied by the use of artificial illumination over the collecting surfaces at night. 

4. The magnitude of the cyprid collection on the artificially illuminated surfaces 
was equal to the collection on the sun-illuminated surfaces in daylight. 

5. The intensity of artificial light necessary to produce large cyprid attachments 
at night was of an order as low as 1 footcandle at the water surface. 

6. No correlation was found between the quantity of artificial light at night and 
the numbers of cyprids attached. 
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7. The highest rate of cyprid attachment relative to the phase of the tide was 
found to occur when the waters of upper Biscayne Bay were sampled at the col- 
lecting station. This body of water reached the sampling station at low tide and 
was characterized by a high cyprid population. 
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EARLY LIFE HISTORY OF THE OYSTER CRAB, 
PINNOTHERES OSTREUM (SAY)^ 

MILDl^D SANDOZ AND SEWELL H. HOPKINS 
rnyinia Jusheitcs Lahotafoiy, Vorktira'ji 


' iNTRODaCTION 

The first and second zoeae of Pinnotheres ostreum have been described by 
Hyman (1924). The five crab stages parasitic in the oyster {Ostrca virginica) 
have been described by Stauber (1945). The present paper is an attempt to com- 
plete the knowledge of the development of the oyster crab from tlie egg to the first 
crab instar. This work was done at the Virginia Fisheries Laboratory in the 
summer of 1944, under the direction of Dr. Curtis L. Newcombe. 

The first Pinnotherid larva to be described was the zoea of Pinnotheres pisum 
Leach, the British pea crab. This species has three or more zoeae. Other mem- 
bers of the family are said to have two, three or four zoeal stages ; in some species 
a megalops stage has been described, while one at least is said to pass directly from 
tire last zoea to the first crab. The family Pinnotheridae is noted for the great 
diversity of the zoeae in different species, and this lack of uniformity seems to apply 
also to the number of larval stages. Faxon (1879) stated that the last zoea of 
Pmnixa chact opt cram molted directly into a first crab stage, without a megalops 
stage. Smith (1880) found a megalops in another species of Pinnixa. There are 
only two published descriptions of Pinnotherid megalops: Pinnotheres vetcrum 
by Lebour (1928) and Pinnotheres taylori by Hart (1935). In the latter there 
are two zoeae and one megalops. 

The first zoea of Pinnotheres ostreum was hatched from the egg by Birgc 
(1878), but he was unable to rear second zoeae. Hyman (1925) ol)tained the 
first zoeae of Dissodactylus mcttitac, Pinnotheres viaculatus, and F. ostreum by 
hatching, and described the second zoea of F. ostreum from specimens reared from 
first zoeae caught in plankton. 

In the present study, all specimens were reared in the laboratory from the egg. 
Pinnotheres ostreum was found to have four zoeal stages and one megalop.s, fol- 
lowed l3y the first crab. 

Methods 

Ovigerous female crabs were removed from oysters and the egg strands were 
cut away and placed in sliallow enamel pans containing sea water, The salinity 
of the water used varied from 20 to 26 parts per thousand while the temperature 
was approximately 23° C. 

On July 15, 1944, a medium brown sponge was removed from an oyster oral) 
and placed in water. One week later first zoeae emerged from the eggs. Eedysis 

1 Ck>nlribution from the Virginia Fibheries Laboratory of the College of William and Mary 
and Commission of Fisheries of Virginia, Number 27. 
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of the larval cuticle occurred simultaneously with hatching. Five days later some 
first zoeae molted to become second zoeae, and three days afterward third zoeae 
appeared. All of these third zoeae died in ecdysis without becoming fourth zoeae. 

A second experiment was begun on July 16, 1944. A younger sponge of bright 
orange color was placed in hatching pans. First zoeae hatched at the end of twelve 
days and after three days these specimens became second zoeae. In an additional five 
days the third instar appeared, and after seven more days several individuals 
reached the fourth zoeal stage. There was a high mortality rate during this 
ecdysis. The fourth zoeae were placed in individual glass finger bowls. Six days 
later one megalops completed a successful ecdysis and became a first crab. Three 
other fourth zoeae also reached the megaiops stage and eventually one of these 
became a first crab, but the times were not noted. The total time in this experi- 
ment, from the recently laid orange eggs to the megalops stage, was 33 days, and 
the total time required to obtain the first crab was 38 days. The period of larval 
development, from hatching to first crab, was 25 days. 

The length of time spent in each instar during the development seemed to de- 
pend on a number of factors, food abundance and water temperature having the 
most obvious effect. Few complete records on embryonic and larval development 
of crabs have been published. Hart (1935) found that four or five weeks were 
required for Pinnotheres taylori to pass through two zoeal instars and one megalops 
stage. 

The food used in rearing P. ostreum larvae consisted of concentrated plankton 
from York River. A yellow dinoflagellate was eaten most readily by the zoeae, but 
they also fed on crab eggs. Excess food was removed after feeding to prevent 
fouling. Water was changed every second day and was aerated several times 
daily by pipetting. 

In the morphological study of life history stages it was necessary to use the 
material conservatively, since very few specimens of each stage were preserved. 
Killing and preservation were in 5 per cent formalin. For study, each specimen 
was placed in a drop of glycerine on a slide, a cover glass was put on, and the 
.specimen was drawn in toto without flattening. Megalops and first crab stages 
were placed on depression slides to avoid distortion. Cover glasses were removed 
after toto drawings had been made, and the specimens were dissected with ordinary 
dissecting needles. Appendages were pulled off, not cut. Dissected parts were 
arranged in the glycerine with needles and the cover glass replaced, with slight 
pressure. No great difficulty was experienced wfith this method; in nearly every 
case at least one member of each pair of appendages was found intact and in position 
to draw. All drawings were made with a camera lucida ; only very fine details such 
as the setules on feathered setae were added free hand. 

Description of Stages 
First soea (Figs. 1, 3, 4, 6, 8, 9, 12) 

In living specimens, fully extended but not flattened, the total lengtli is 0.90 
ram. In formalin-preserved specimens the total length is 0.7 to 0.9 mm. The 
carapace averages 0.42 mm. in length and 0.27 mm. in width. The eyes are 0.11 
to 0.13 mm. in diameter. There are no dorsal or lateral spines on the carapace. 
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The abclomoii has five segments, not counting the telson ; its width increases toward 
the posterior end. Tlie second and third abdominal somite bear short triangular 
lateral knolis. The telson has three toothlike lobes, with three setae on each side 
between the lateral and median lobe. The chromatophores are distributed as 
described hy Hyman (1925). The antcnnules are folded to a spherical form, and 
bear two large and one small aesthete or sensory hair. The antennae are not 
visible. The first maxilla (maxillule) has no ^‘epipodital hair”; the protopodite 
bears a ebromatophore ; the proximal (coxopodite) lobe bears four setae, the distal 
(basipodite) lobe has five, and there are four setae arranged in two groups of two 
each on the two-segmented endopodite. The second maxilla has a chromatophore 
on the protopodite, five setae on the coxopodite, eight or nine on the basipodite, 
three on the endopodite, and four on the scaphognathite. The first maxilliped 
has chromatophores in the coxopodite and basipodite; the basipodite bears eight 
setae, the exopodite has four long terminal setae or ‘'swimming hairs,” and the 
five-segmented endopodite has one seta on the proximal segment, two on the second, 
one on the third, two on the fourth, and five on the terminal segment of which four 
are terminal. The second maxilliped has a chromatophore on the coxopodite, a 
chromatophore and four setae on the basipodite, four “swimming hairs” on the 
exopodite, and four setae on the terminal segment of the two-segmented endopodite. 
No buds of other appendages are visible. 

Second soca (Figs. 2, 10, 13). 

The total length of preserved specimens is 1.48 mm., but these specimens have 
an abnormal swelling between the thorax and abdomen ; the normal length would 
be somewliat less. The length of the carapace is 0.57 mm. The eye is 0.12 to 0.14 
mm. in diameter. The first maxilla has an external seta or “epipodital hair,” and 
there are five, seven, and four setae on the coxopodite, basipodite and endopodite, 
respectively. The second maxilla has six, nine, and three setae on these three 
endites ; the scaphognathite has three apical setae and five near the basal end. The 


Expanatton of Plate I 

All drawings made with camera liicida from specimens killed and preserved in 5 per cent 
formalin, mounted in glycerine. Scale A represents 0,4 mm. in Figures 1, 2, 6 , 7, 7a, and 8 . 
Scale B represents D.l min. in Figure.s 3 and 4. 

Figukb 1. First zoea of Pinnoihcrcs osfreum, hatched from egg in laliuralory, drawn with 
10 X 10 X lenses. 

Figure 2. Second zoea of P. osfreum reared from egg in laboratory, drawn with 10 X 10 X 
lenses. 

Figures. First maxilliped of first zoea, P. osfreum, drawn with 7.5 X 43 X lenses; 
swimming hairs of exopodite cut off to allow placement of figure on plate. 

Figure 4. Second maxilliped of first zoea, P. osfreum, drawn with 7.5 X 43 X lenses ; 
swimming hairs cut off figure. 

Figure S. Telson of third zoea, P. osfreum, drawn with 15 X 10 X lenses. 

Figure 6. Anterior view of first zoea, P. osfreum, drawn with 10 X 10 X lenses. 

Figure 7. Third zoea of P, osfreum reared from egg in laboratory, drawn with 10 X 10 X 
lenses. 

Figure 7a. Rostrum of third zoea, P. osfreum, frontal view, drawn with 10 X 10 X 
lenses. 

Figure 8, Posterior view of first zoea, P. ostrcim, .showing dorsal view of abdomen, 
drawn with 10 X 10 X lenses. 
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first and second maxillipeds each have six swimming hairs on the exopodite. Buds 
of other thoracic appendages can be seen, but there are still no buds on tlie abdomen. 
Other features are as in the first zoea. 

Third aoca (Figures 5, 7, 7a, 11, 14) 

The total length of preserved specimens is 1.3 mm. The carapace is 0.60 mm. 
long (0.58 to 0.63). The eye is 0.14 to 0.16 mm. in diameter. The antennule 
bears three large and one small aesthete. The first maxilla has five setae on the 
coxopodite, eight or nine on the basipodite, and four on the endopodite. The second 
maxilla has seven to nine setae on the coxopodite, nine or ten on the basipodite, and 
three on the endopodite; the scaphognathite has five apical setae and eight to 
thirteen setae between the proximal end and the apical setae. The coxopodite of 
the first niaxilliped has three setae, the basipodite has eight or nine setae, and the 
exopodite has eight swimming hairs. The exopodite of the second maxilliped also 
has eight swimming hairs. Buds of the other thoracic appendages are prominent 
and buds of the abdominal appendages are visible. Other features are as in the 
first zoea, except for size. 

Fourth zoea 

Only four or five specimens were obtained, and they molted to become megalops 
before they could be studied. The only known feature is the possession of ten 
swimming hairs on each of the maxillipeds. 

Megalol>s (Figs. 15, 16, 17, 18) 

The total length is 1.0 to 1.05 mm. The carapace is 0.60 mm. long and 0.58 
mm. wide. The abdomen, extended, is 0.40 to 0.45 mm. long and 0.17 mm. wide 
across the second segment. The eye is about 0.14 mm. in diameter. The carapace 
has no spines, on the rostrum or dsewhere, but has four to nine setae along each 
lateral edge. The fifth leg has no “feelers” on the last segment. The antennule 
has seven or eight aesthetes on the distal segment (outer flagellum). The antenna 


Explanation op Plate II 

All drawings made with camera lucida from specimens killed and preserved in S per cent 
fonnalin, mounted in glycerine. Scale A represents 0.4 mm. in Figures 15 and 18. Scale B 
represents 0.1 mm. in Figures 9, 10, 11, 12, 13, and 14. Scale C represents 0.1 mm. in Figures 
16 and 17. 

Figure 9. First maxilla of first zoea, Pinnotheres osireum, drawn with 7.5 X 43 X lenses. 

Figure 10. First maxilla of second zoea, P. ostremn, drawn witli 7,5 X 43 X lenses. 

Figure 11. First maxilla of third zoea, JP. ostreum, drawn with 7.5 X 43 X lenses. 

Figure 12. Second maxilla of first zoea, P. ostreum, drawn with 7.5 X 43 X lenses. 

Figure 13. Second maxilla of second zoea, P. ostreum, drawn with 7.5 X 43 X lenses. 

Figure 14. Second maxilla of tliird zoea, P. ostreum, drawn with 7.5 X 43 X lenses. 

Figure 15. Megalops of P. ostreum reared from egg in laboratory, dorsal view, drawn 
with 10 X 10 X lenses. 

Figure 16. Distal portion of antennule of megalops, P. ostreum, drawn witli 6 X 44 X 
lenses. 

Figure 17. First pleopod of megalops, P. ostreum, drawn with 6 X 44 X lenses. 

Figure 18. Dorsal view of right cheliped of megalops, P. ostreum, drawn with l^X 10 X 
lenses. 
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is five-segmented with a long slender process and a short seta on the distal segment. 
The abdomen seems to have six segments, but the sixth segment is very indistinct 
and may be fused with the teLson. There are four pairs of pleopods, on the second, 
third, fourth and fifth segments ; the exopods of the first three pairs bear six swim- 
ming hairs; those of the last pair have only five. (Tn the other specimen, the first 
pleopods have five hairs, the second and third have six, and the fourth have four.) 

First crab (Figs. 19, 20, 21, 22, 23) 

The carapace is 0.61 mm. long and 0.59 mm. wide. The diameter of the eye 
is about 0.14 mm. There are no spines on the carapace, but each lateral edge bears 
seven to nine setae. The last two segments of the third and fourth legs bear long 
plumose setae, but there are no ‘"feelers” on the fifth leg. 

It should be noted that these two laboratory-reared specimens are considerably 
smaller than the ""first stage females” of Stau]:)er (1945). Stauber used this name 
for the youngest females which invade the oyster, evidently not intending to imply 
that they were in the first crab instar. Probabh' there arc tw^o or more free-living 
crab instars before the invasive stage. The smallest ‘"first stage females” found in 
oysters by Stauber were 1.4 mm. w’ide, and the smallest males w^ere 1.5 mm. 

Oyster crabs in Virginia oysters 

No systematic study of the distribution, abundance, and effects of oyster crabs 
in Virginia has been made, but field notes accumulated by the Virginia Fisheries 
Laboratory give some data on these points. Pinnotheres osfrcitm has been found 
on all Virginia oyster grounds which have been observed. The percentage of oysters 
infested, on different oyster rocks, varies from less than 1 per cent to over 80 per 
cent, averaging around 30 or 40 per cent. Immature arid mature female oyster 
crabs are found singly in Virginia oysters throughout the year. In only 5 of 276 
infested oysters examined in 1943-44 were two crabs found in one oyster. Mul- 
tiple infestations by male and female early-stage crabs, such as were described in 
New Jersey by Stauber (1942, 1945), were found only once in Virginia, at Cedar 
Island, James River, in the summer of 1945. Notes on females bearing sponges 
extend only from June through August, but the actual spawning season is prolmbly 
much longer than this. P. ostreum zoeae have been found in plankton tows from 
June through August, but few tow's were made in other months. 

Significant damage to the gills of oysters by oyster crabs has been noted in many 
cases. Eield notes on the condition of oysters generally show poorer condition in 


Explanation op Plate III 

AH drawings made with camera lucida from specimens killed and preserved in 5 per cent 
formalin, mounted in glycerine. Scale A represents 0.4 mm. in Figures 20, 22, and 23. Scale 
C represents 0,1 mm. in Figures 19 and 21. 

Figure 19. Antenna of first crab instar, P. ostreum, drawn with 6 X 44 X lenses. 

Figure 20. First crab instar, P. ostreum, reared in laboratory, dorsal view, pigment 
omitted, drawn with 10 X 10 X lenses. 

Figure 21, Antennule of first crab iustar, P. ostreum, drawn witli 6 X 44 X lenses. 

Figure 22. Right cheliped of first crab instar, P. ostreum, dorsal view, drawn witli 10 X 
10 X lenses. 

Figure 23. First crab instar of P- ostreum reared from egg in laboratory, ventral view, 
drawn with 10 X 10 X lenses. 
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crab-infcbted than in iminfested oysters, but there are often some crab-infested 
oysters which show excellent condition. Miss Alice Elizabeth Overcash, in an 
unpublished thesis (1946) submitted to the College of William and Mary, has 
studied the “index of condition” of Virginia oysters, including many with oyster 
, j (1000 X dry weight of meat in grams) , 

crabs. She reports that this index (Volume of shell cavity in milliliters) 

only 82.3 for crab-infested oysters in York River, compared to 90.6 for oysters 
ithout crabs. In Rappahannock River she found the mean index of oysters with 
crabs to be only 71.7, while the entire sample averaged 90.0. Both samples showed 
significantly poorer condition in infested oysters. 

There seems to be no doubt that oyster crabs do injure oysters to some extent, 
but we have no evidence that they have ever caused the death of oysters in Virginia, 
as they did in the New Jersey outbreak reported by Stauber (1942, 1945). 


Summary 

1 The early stages of Pinnotheres ostreiim have been reared in the laboratory 
from the egg to the first crab. 

2. There are four zoeal stages and one megalops stage. The four zoeal instars 
are distinguished by having 4, 6, 8, and 10 swimming hairs on the exopodites of 
both maxillipeds. 

3. The time required for development from the early egg (from orange-colored 
egg mass) to the first crab instar was 38 days. From hatching to the first crab 
required 25 days. 

4. The first crab being only 0.6 mm. wide, at least one more instar must inter- 
vene before P. ostrciim reaches the “first stage” described by Stauber as the young- 
est crabs which invade the oyster. 

5. Oyster crabs are widely distributed and abundant in Virginia waters. They 
tend to keep oyster meats in relatively poor condition, but have never been observed 
to cause mortality of oysters in Virginia. 
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of Science, Tokyo Imperial University, Tokyo 

In a preliminary account (Dan, 1931), it was reported that the cataphoretic 
potentials of the unfertilized eggs of the sea-urchin, Arbacia piinctulata, could not 
be reversed in sign on raising the concentration of hydrogen ions of the surrounding 
medium. The present paper reports experiments of a similar type which were 
repeated on other kinds of sea-urchins, Anthocidaris crassispma and Pseud occntroiiis 
depressus, and the study was further extended to include fertilized eggs. 

Method 

Removal o\ the jelly. When the unfertilized surface was studied, unless other- 
wise stated, the jelly was removed by acid. While a dense suspension of eggs was 
being gently shaken, 1/10 N HCl was added drop by drop until the eggs began 
to show the first sign of sticking to the glass container. After a few more gentle 
shakings, a large quantity of sea water was added and the eggs were washed thor- 
oughly by decantation. By this means, it was possible to reduce the time of tlie 
eggs’ coming in contact with the concentrated acid to the minimum (less than 10 
seconds) . 

pH adjustment. HCl was added to filtered sea water to an amount ample to 
break clown the bicarbonate buffer system. After equilibration, more acid or 
alkali was added to adjust the pH value to the desired level by indicators. When 
the desired pH levels were near neutrality, 1 TO N acid or alkali was used, but when 
they w^ere far removed from neutrality, N solutions were added to minimize the 
lowering of the osmotic pressures. A slight lowering of the osmotic pressure by 
using 1/10 N within the limit here encountered does not affect the surface po- 
tentials of sea-urchin eggs (Dan, 1936). During the experimentation, the super- 
natant solution of the egg suspension w-as frequently checked for pH value to 
insure its constancy. 

In very acidic media, the eggs were injured. At pH 3.5 or 4.0 they could 
still keep a fairly high fertilizability, if they were left unstirred in the acid and 
later fertilized after being returned to the nomial medium. However, in the present 
experiment, stirring was technically unavoidable to some extent. In spite of this, 
])H values down to 2.0 were used for the purpose of obtaining a sufficient insight 
into the electrokinetic property of the egg surface, taking advantage of die fact that 
the killing of the ^gs does not modify the potentials (Dan, 1934; 1936; see also 
Winslow, Falk and Caulfield, 1923; Abramson, 1929). 
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Measurement oj the potential. The method o£ measuring the cataphoretic po- 
tentials was practically the same as was reported in the preliminary note and more 
fully discussed in the first paper of this series (Dan, 1933). This was to use a 
horizontal microscope on which a Northrop-Kunitz chamber was mounted. Since 
the stage of the horizontal microscope was situated vertically, the short axis of the 
cataphoretic chamber came to lie vertically. The chamber was filled witli an egg 
suspension, and when the eggs began to settle, their paths of fall were recorded by 
a camera lucida. The focus of the microscope was previously adjusted to the level 
at % of the depth of the chamber (Smoluchowski’s layer) and only the eggs which 
came into sharp focus were selected for measurement. Two points were recorded 
to determine the path of fall; the electric current was then sent horizontally (i e., 
at right angles to the path of fall) and the new path was traced. The deviation of 
the new path from the extrapolation of tlie initial path (with no current) corre- 
sponds to the cataphoretic movement. The interval of observation was measured 
by counting the beats of a metronome which was beating once in half a second. 
The potential drop within the chamber was measured by platinum poles inserted 
into the chamber through the glass wall by using a voltmeter with a high internal 
resistance (10,000 ohms, which is about 10 times the resistance of the chamber 
filled with sea water) . The cataphoretic potentials were calculated by tlie formula 
u = assuming that the dielectric constant of sea water is 80. 

In order to minimize daily fluctuations in technique, readings were, as a rule, 
taken in three adjacent pH values on one day and different combinations of three 
pH’s were studied each day. The data were later liandled collectively according 
to the pH values. 

Anthocidaris crassispina 

The question, whether or not tlie surface potential is affected by fertilization, 
has been taken up by several investigators. Gray (1916) examined the agglutina- 
tion of unfertilized and fertilized eggs of Sphaerethinus by CeClg and came to the 
conclusion that fertilized eggs are carrying a more negative potential than un- 
fertilized eggs, basing his conclusion on the fact that a more concentrated solution 
of serium cations was required to agglutinate fertilized eggs than unfertilized ones. 
Runnstrom’s observation (1929, p. 229) tends to support this conclusion. Vies 
and Nouel in sea-urchin eggs (1922) and Faure-Fremiet in the egg of Sabellaria 
alvcolata (1924, p. 291) made observations on the behavior of these eggs in an 
electric field and arrived at the diametrically opposite conclusion, while Szent- 
Gyorgyi (1921) contended tliat sea-urchin eggs bore no charge. 

However, some of the above investigations are based on indirect evidence, while 
the others are not quite free from technical dangers. Therefore, it was considered 
worth while to re-examine this point by a more direct technique. As a result, in 
the present paper, not only were the potentials on unfertilized and fertilized eggs 
compared in normal sea water, but the pH-potential curves of both were con- 
structed through a wider range of the pH-scale. Anthocidaris crassispina was se- 
lected as one material. In the measurements of the fertilized ^gs, the fertilization 
membrane was left intact. The perivitelHne space of this species is very small, 
which is technically advantageous. 

Data are summarized in Table I and graphically represented in Figure 1. (1) 

The potentials on both unfertilized and fertilized eggs of Anthocidaris cannot be 
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reversed in sign as far down as pH 2.0. (2) The maxima of both curves are 

found in the neighborhood of pH 7.0. (3) Though a statistical separation of the 
potentials on unfertilized and fertilized eggs at corresponding pH’s is impossible, 
because of the wide fluctuation of the readings, the fact that the average values of 
the potentials on the fertilized eggs are invariably more positive than those of the 
unfertilized can be taken as a strong indication that the former are really more 


“.V, 



positive. Needless to say, this is not due to an increase in the viscosity of the 
medium by the addition of the seminal fluid, since the eggs are later washed thor- 
oughly. (4) The pH-potential curve for the unfertilized eggs is more zig-zag 
than that for the fertilized eggs, especially between pH 6 and 7. A repetition of 
the measurement in the following season (Series II of Table I) gave similar results 
which were incorporated in the final calculation. 

PSEUDOCENTROTUS DEPEESSUS 

In order to test the generality of the Anthocidaris findings, another sea-urchin 
Pseudoccntrofus deprcssus was studied. However, in this case, attention was paid 
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Table I 

Potentials on the egg surface of Anthocidaris crassispina in millivolts with standard errors 


Medium 

UnfertilLred eggs without jelly 

Fertilized eggs 

Series I 

Series 11 

I and II combined 

Sea water 
pH 7 
pH 6 
pH 5 
pH 4 
pH 3 
pH 2 

-24.9db0.78 
-28.5=fc0.62 
-19.9dc:0.71 
-19.9db0.7l 
-13.3=fc0.62 
-11.0±0.59 
- 5.6db0.90 

-23.2=i=0.38 

-25.3d=0.57 

-19.7d=0.45 

-18.5=fc0.43 

-16.8±0.39 

-23.9d=0.34 

-27.4db0.46 

-19.9d=0.35 

-19.3±0.38 

-20.8:t0.79 

-21.5d=0.58 

-18.6dr0.46 

-17.2d=0.61 

-15.5d:0.47 

- 9.4d=0.48 

- 4.0=fc0.81 


Unfertilized eggs with jelly 



Sea water 

-24.1=1=0.41 





chiefly to the unfertilized surface. pH intervals were taken to apparent 0.5 units 
of the indicators used. 'Data are summarized in Table II and Figure 2. As is 
evident from the figure, the general trend of the curve is very much the same as 
that of the two previous ones, with no reversal of the sign even in the most acidic 
medium (pH 2) and with a maximum slightly on the alkaline side of neutrality. 

Table II 

Potentials on the egg surface of Pseudocentrotus depressus in millivolts with standard errors 

Unfertilized eggs without jelly 


Medium 

Potentials 

Indicators 


Sea water 
pH 8.0 
pH 7.5 
pH 7.0 

-2S.0d=0.62 

-24.4=fc0.55 

-27.0rh0.69 

-26.6=h0.S7 

Phenol red 


pH 6.5 
pH 6.0 
pH 5.5 

-24.5=b0.S3 

-23.6=h0.60 

-22.0db0.44 

Brom cresol purple 


pH 5.0 
pH 4.5 

-20,ldb0.53 
— 20.4db0*46 

Bronx cresol green 


pH 4.0 
pH 3.5 
pH 3.0 

— 16.8d:0.43 
-17.0rh0.47 
-13.8dr0.55 

Brom phenol blue 


pH 2.5 
pH 2.0 

-12.1=h0.40 
- 9.1=h0.59 

Meta cresol purple 

Fertilized eggs with jelly 

Sea water 

-28.5 ±0,71 
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Discussion 

In the first paper of this series, it was reported that the potentials on the un- 
fertilized and fertilized (with the fertilization membrane) eggs of Arhacia pimctulata 
were — 30.3 and — 28.7 millivolts respectively and the potential on the unfertilized 
eggs in a suspension of dead sperm was — 26.7 millivolts. Comparing these fig- 
ures with the sperm potential and its change under the influence of the egg water 
of the same species studied by Mudd, Mudd and Keltch (1929) : the potential they 
found on the sperm was — 22.0 millivolts in sea water and ‘"an increase in negative 
charge by 13 per cent followed on addition of the egg water.” This means that the 
potential on the sperm in the egg water is — 24.9 millivolts. Now Mudd’s experi- 
ment and the author's are reciprocal to each other. While the sperm potential 
which is — 22.0 millivolts changes to — 24,9 millivolts in the presence of the egg 
proteins, the egg potential which is — 30.3 millivolts at the beginning changes to 
— 26.7 millivolts in the presence of the sperm proteins. It is highly probable that 
the mixing of two kinds of proteins will shift the resultant potential somewhere in 
between the two extremities. This is particularly likely because both the seminal 
fluid in the author's experiment and the egg water used by Mudd et al. are ex- 
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tremely low in concentration. If a protein is added in high concentration, the 
potential will coincide with that of a pure protein. 

The above postulate acquires a stronger suppoil when the potential changes of 
other forms are considered. IMudd ct al. studied not only the sperm potential of 
the sea-urchin {Arbacia puncUdata) but also those of a starfish {Asterias forbesii) 
and a sand-dollar (EchinaracJmnis parma) and further investigated their changes 
in egg waters in various combinations. Fortunately, the potentials of the eggs of 
these species have been measured by the author (Dan, 1934). As is shown in 
Table III, a sperm potential in egg water either falls between the potentials of the 
pure sperm and of the egg or coincides with one of them within 1 millivolt. In 
Mudd’s data, the fact stands out as peculiar *that the sea-urchin egg water has a 
specific power to cause a striking increase in the negative potential of any kind of 
spenn (see Table III, column 3) but this is now easily understandable because the 
egg protein of Arbacia has an exceptionally high negativity. 

Table III 


Comparison of egg potentials^ sperm potentials and sperm potentials in egg water. As egg 
potential^ the potential on unfertilized eggs without jelly is used. The figures in parentheses are the 
percentage changes in negativity of sperm potentials under the influence of egg waters. 


potential 

Sperm potcntialX^ 

Echinarachnius 

ca. —20.0 m.v. 

Arbacia 

—303 m.v. 

Asterias 

-19.9 m.v. 

Bchinarachnius 

— 19.6 m.v. 

-21.7 m.v. 

— 16.3 m.v. 

— 16.3 m.v. 

(+20%) 

(+33%) 

(0%) 

Arbacia 

—21.6 m.v. 

-24.9 m.v. 

— 18.9 m.v. 

—22.0 m.v. 

(- 2%) 

(+13%) 

(-14%) 

Asterias 

— 17.7 m.v. 

-21.7 m.v. 

— 19.2 m.v. 

— 18.1 m.v. 

(-■ 2%) 

(+20%) 

(+ 6%) 


The present experiment was started the above view in mind and it was 
hoped that the difference in the natures of the two proteins (if they are proteins) 
might be brought up more clearly by constructing pH-potential curves in a wider 
range. As a result, in the Anthocidaris-stnes, after fertilizing the eggs by the usual 
technique, excess of sperm fluid was added to secure a complete adsorption and then 
the eggs were thoroughly washed free from seminal fluid. In spite of this, both 
curves followed very similar courses except for the fact that the curve for the ferti- 
lized eggs consistently stayed below that of the unfertilized eggs. 

It may be of some significance to point out in this connection that cholesterol 
has a very high electric mobility among substances investigated so far. According 
to Sugawara (1943a, 1943b) the fertilization membrane and its precursor of sea- 
urchin eggs are dissolved by proteolytic enzymes. This does not necessarily mean 
that the fertilization membrane and its precursor are made up solely of proteins* 
They are probably a compound of proteins and lipids and it is not impossible to 
imagine that one of the constituents predominates in the cataphoretic behavior. 
Further elucidation is greatly desired. 
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Concerning the course of the pH-potential curves, the absence of the isoelectric 
point and the existence of a maximum in the idcinity of pH 7 are worth noticing. 
Even though nothing definite can be based on the data at hand, these two points 
may be more or less connected ith the high salt concentration of the medium, be- 
cause cases are known in which the addition of salts either shifts the isoelectric 
point to the more acid side (Linderstr0m-Lang and Kodama, 1925 ; Sorensen and 
Sladek, 1929; Faure-Fremiet and Nichita, 1927; Haffner, 1922) or brings the 
maximum around neutrality (Winslow, Falk and Caulfield, 1923). The absence of 
the isoelectric point here observed is contrary to Ashbel’s finding (1931). Her 
paper states little about the technique of measurement. As far as this author’s 
result is concerned, the pH-potential curves of sea-urchin eggs run quite close to 
those of Bacillus cercus in change of hydrogen ion concentration in concentrated 
salt solutions studied by Winslow, Falk and Caulfield (1923). The curves re- 
semble each other not only in having no reversal of the sign in the acid range and 
having maxima near pH 7, but also in a decrease in the migration velocity (or the 
potential) in the alkaline region. This third similarity will be discussed briefly. 

In the above-cited investigation of Winslow, Falk and Caulfield, Bacillus ccretts 
loses its negative charge at about pH 10. In Bacillus ccreits and Bacillus coli, the 
signs of the zeta potentials are reversed around pH 13.5 (Winslow and Shaugh- 
nessy, 1924). In the present data on sea-urchin eggs, since the pH scale is not 
extended so far into the alkaline region, only a downward trend is suspected. On 
the other hand, however, there is a great deal of indirect evidence from agglutina- 
tion experiments, indicating that the absolute magnitude of the surface potential of 
sea-urchin eggs does decrease in the extremely alkaline region. Gray (1916) and 
Vies (1924) concordantly found that the eggs agglutinate in a high pH region. 

Naturally, a critical analysis is required before we can conclude that in sea- 
urchin eggs agglutination is really an indication that the absolute magnitude of 
the potential has decreased as it is in the case of bacteria or blood cells. This prob- 
lem will be taken up in a later paper. 

Summary 

1. No isoelectric points were found in imfertilized eggs of Pseudocentrotus de- 
pressiis and in both unfertilized and fertilized eggs (with fertilization membrane) 
of Anthocidaris crassispim when the pH was changed down to 2 in sea water. 

2. In all the above cases, the maxima are found in the neighborhood of neutral- 
ity. Consequently, in natural sea water (pH, 8.2), the absolute magnitude of the 
potential is below tiie highest level. 

3. Fertilized eggs carry a less negative potential than unfertilized eggs. 

4. The data are discussed in connection with tlie sperm potentials and their 
changes in egg water reported by Mudd et al. 
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In the third paper of this series (Dan, 1936a), the zeta potential of the eggs of 
Arbacia punctulata was measured in NaCl and CaCL, both isotonic to sea water, 
and also in mixtures of the two in various ratios. From that study, the conclusion 
was drawn tliat the unfertilized surface of the Arbacia egg is ordinarily covered by 
a calcium compound of some sort which, however, dissolves away in the absence of 
calcium ions. This was based on three facts. (1) In higher calcium concentrations 
(more than 1/100 M of Ca in the isotonic mixture), the negative potential de- 
creases, roughly corresponding to the calcium concentration, and this change is 
reversible. This is typical of the ionic effect of divalent cations and it shows that, 
within this range, the egg surface remains inert. (2) On the contrary, in lower 
calcium concentrations (less than 1/1000 M Ca), instead of the increase in nega- 
tivity which is to be expected from the standpoint of the ionic effect, it decreases 
again and this decrease is irreversible. This is interpreted as due to the permanent 
loss of the calcium compound. (3) When Arbacia eggs are fragmented by cen- 
trifugal force into a lighter and a heavier part, the lighter part acquires a potential 
characteristic of a surface devoid of the calcium compound while the heavier part 
has a potential identical with that of the compound. This shows that the calcium 
compound fonns a discrete membrane which ruptures on the fragmentation of the 
cell and is ultimately thrown down tbward the heavy pole (Dan, 1936b). 

In the first part of the present paper, the same sort of experiment is repeated 
with the present material and in the second part, the effect of cerium chloride is 
examined. 


Material and Method 

Eggs of the sea-urchin, Strongylocentrotus pulcherrimitSj were used throughout. 
Unless specified, the jelly was always removed before the cataphoretic measure- 
ments. The method of removing the jelly and the method of measuring the zeta 
potential are the same as were used in the preceding paper (Dan, 1947). 

Sodium-calcium Mixtures 

The data are given in Table 1 and Figure 1. In the region of higher calcium 
concentrations, as in the case of Arbacia, the absolute magnitude of the negative 
potential decreases as the divalent calcium ions increase and this change in potential 
is perfectly reversible. The parallelism between the Strongylocentrotus-oxrve. and 
the Arbacia-Qm:\tt in this region is particularly striking (see Fig. 1). This means 
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that the potential change under consideration is a typical ionic effect due to calcium 
ions. On the contrary, the two curves diverge in the region of lower calcium con- 
centrations. While the Arbacia-airvt comes down in dilutions beyond 1/1000 M 
calcium in mixture, the Strongylocevfrotuscuwt goes sharply up, and this change 
is reversible. 


Table 1 

The zeUt potentials of the unfertilized eggs of Strongylocentrotus pulcherrimus under various 
conditions. The values are given in millivolts with standard errors. 


With jelly 
Without jelly 

Without jelly, 4 hours in NaCl, measured in sea water 
Jelly not removed, 3 hours in urea, measured in sea water 
Jelly removed by acid, 4 hours in urea, measured in sea water 
Heat-killed in NaCl 
1/2 M NaCl (intact cells) 

NaCl + 1/100 M CaClo 
NaCl + 1/10 M CaCla 
NaCl + 1/5 M CaCh 
1/3 M CaCh 


-37.3d=0.70 

-33.9=1=0.50 

-33.9=1=0.53 

-32.9=h0.60 

-33.0=1=0.50 

-26.8rfc0.44 

-39.7=fc0.67 

-33.4dfc0.64 

-28.9=1=0.63 

-22.7=1=0.67 

-17.5=1=0.40 


If the line of argument used for the case of Arbacia eggs is pursued further, 
the above result must be interpreted as indicating that either the Strongylocentrotus 
eggs do not react with calcium ions or the covering layer of the calcium compound 
of this species is not dissolved away in pure NaCl. The author inclines to adopt 
the latter view. To some extent, this is supported by the fact that Strongyloccn-- 
trotns eggs are more resistant to cytolysis in NaCl than other species. Of course, 
this result should not be taken to mean that the covering layer of Strongylocentrotus 
eggs cannot be dissolved at all imder any circumstance. The peptization of this 
compound may occur in some other solutions or even in % M NaCl if a different 
treatment is used. In the present experiment, for the change of medium, the fol- 
lowing procedure was selected as standard. To 20 cc. of the egg suspension in a 
beaker, 200 cc. of M NaCl was gently added and the suspension gently stirred 
to insure complete mixing. After the eggs had settled, as much as possible of the 
supematent solution was siphoned off and fresh NaCl solution was gently added 
and stirred as before. This washing process was repeated from four to five times. 
Consequently, the eggs were in the NaCl solution for 30 to 40 minutes before 
measurement began. 

In order to test other possibilities, in one series the time factor was changed. 
After the usual washings, the eggs were left in NaCl so that the total sojouni of 
the eggs in this solution was 4 hours. In spite of this the potential did not change 
(Table 1). In another series, isotonic urea solution was tried and this series was 
further divided into two groups. In one group, unfertilized eggs with jelly were 
put directly into urea and left there for 3 hours. Needless to say, the jelly was 
dissolved by the time cataphoretic measurement was begun. In the second group, 
the jelly was removed by acid and the eggs were left in urea for 4 hours. Still, no 
change was observed in the potential. The potential was found to change only 
after the eggs were killed by heat in NaCl, This is undoubtedly due to the effect 
of the internal granules (see Dan, 1933), Therefore the above result shows that 
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the surface calcium compound of Stro^igylocentrotiis (if there is such a compound) 
is much more stable than that of Arhacia eggs. Unfortunately the number of 
washings was not changed. At any rate, a definite conclusion can be drawn that 
the egg surface of this species is quite resistant to the absence of calcium ions and, 
imder the experimental conditions here dealt with, it can be looked upon as an 
inert surface through the entire range of calcium concentrations. 



Figure 1. The change in the zeta potentials of the unfertilized eggs of Strongylocentrotiis 
in mixtures of isotonic NaCl and CaCL (A — A) and of NaCl and CeClj (0"“0)- The 
ratios of the mixtures are expressed by the Ca* and Ce-concentrations respectively whidi are 
taken as the abscissae. The ordinates arc the potential values. The broken line is the curve 
for Arhacia eggs in Na-Qi mixtures (V— V). Note the parallelism between the Arhacia 
curve and the Strongyloccnlrolns airve in higher Ca-concentrations and their divergence in the 
r<*giou of low Ca content. 
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SODICM-CKRIUM MiXTUKli 

After examining the effect of calcium, cerium was studied as a representative 
of the polyvalent ions. The egg jelly was removed and the solutions were changed 
in the same way as in the calcium series. One-half M NaCl and INI CeClg were 
used either singly or in mixtures, this purpose, the fact that the surface of 
Strongyloccntrotiis eggs remains unaffected in pure NaCl is of a great advantage, 
because it is impossible to mix the cerium solution with sea water on account of 
the formation of precipitates. 

As far as the present material is concerned, the immersion of the eggs in cerium 
solution is not very harmful as long as the time of sojourn is not too long. On 
insemination of such eggs after having been returned to sea water, they are ferti- 
lizable except for the fact that the fertilization membrane fails to separate from tlie 
egg surface (tight membrane eggs). 

On the other hand, there are two complications of a physicochemical nature in- 
volved in the use of cerium salts. One is the contamination of ceric ions in a 
preparation of cerous salt. Trivalent ccrous ion is rather susceptible to oxidation 
and it spontaneously changes into tetravalent ceric ion. The former is colorless 
but the latter is light brown, and this transformation is clearly perceptible if the 
cerous solution is left in a transparent glass l)ottlc. Unfortunately, this change 
seems to occur even in the crystals of the former as was revealed hy a slight 
brownish tint of the cerous chloride crystals used by the author. But in the current 
study, no attempt was made cither to obtain colorless crystals or to remove ceric 
ions, since it was considered that the maintenance of a constant proportion of the 
two ions would be sufficient for the present purpose. However, an attempt was 
made to know the ratio of the two by titration after Knorre’s method (Knorre, 
1897). Ceric ions, 0.0007 M, were found in 0.25 M solution by weight of the crys- 
tals ; i.e., the ratio was 1 : 357. As a result, in the following paragraphs, the ratlicr 
loose term “cerium solution” is used instead of specifying the condition precisely. 

Table 2 

Tlie hydrogen ion concenPraiiom of various mixtures of 1/Z M NaCl and 1/4 M CeCl-i, 

The ratio qf a mixture is expressed in Ce concentration after mixing. 


Concentrations (M) of 

Ce in NaCl 

1/3000 

1/1000 

1/100 

1/80 

1/50 

pH 

7.0 

6.8 

6.2 

.■s.y 

5.6 


The other complication is the change in hydrogen ion concentration of cerium 
solutions. As is well known, among polyvalent cations, it is very difficult to pre- 
pare solutions of different concentrations with the same ])H, because the ions pre- 
cipitate. In spite of this, measurements were carried out for a reason which will 
be explained below. The pH\s of the ceidum solutions used are given in Table 2. 

Results 

The result of cataf)horetic measurements is given in Table 3 and graphically 
represented in Figure 1. As is exndent, the curve is again typical of an adsoq>tion 
isotherm, except for the potential value in Vioo M cerium which is obviously off. 
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In this connection, it must be pointed out that sea-urchin eggs, like any colloidal 
particles, stick together when the surface potential is abolished. In a Koo M solu- 
tion the eggs are extremely adhesive. (This point is specially investigated in 
a following paper.) On account of this, it is quite difficult to take accurate read- 
ings. As mentioned above, many eggs clump together in this medium and. when 
large lumps settle, they cause turbulence in the surrounding solution which, in 
turn, affects the readings. The fact that only a few eggs remain single adds to 
the difficulty. For such reasons, it seems to be better to determine the iso-electric 
concentration of cerium solution from the smoothed curve such as is shown in 
Figure 1. 


Table 3 


The zeta potentials of the unfertilized eggs of Strongylocentrotus pulcherrimus {without Jelly) 
in various mixtures of 1 12 M NaCl and 1 14 M CeCht the ratios of the mixtures being expressed in Ce 
concentrations in the resulting mixtures ^ The values are given in millivolts with standard errors* 


1/2 M NaCl 

NaCl -f 1/3000 M CeCh 
NaCl -I- 1/1000 M CeCh 
NaCl + 1/100 M CeCl, 
NaCl -f 1/80 M CeCla 
NaCl + 1/50 M CeCh 
NaCl + 1/10 M CeCU 
1/4 M CeCls 


-39.7±0.67 
~22.7±0.S8 
-13.3 ±0.57 
- 0.4±0.80 
+17.2±0.49 
-F20.3±0.54 
+32.3 ±0.88 
+41.8±0.80 


Discussion 

The result reported in the first section of this paper led the author to the con- 
clusion that, contrary to the case of Arbacia, the surface of the Strongylocentrotus 
eggs remains inert irrespective of whether calcium ions are present or absent in 
the surrounding medium. However, this statement signifies at the same time that 
the change in the zeta potential observed must be brought about by the adsorption 
of the calcium or cerium ions. In fact, the courses of both calcium- and cerium- 
curves are quite like any adsorption isotherms, but tliis situation can be analyzed 
further. 

It is generally understood that the effects of ions on the zeta potential are two- 
fold. One is the effect of ions on the thickness of the diffuse layer (in Gouy’s 
sense) and the other is the adsorption of ions to the surface (Muller, 1933). Fortu- 
nately, in such concentrated media as used here, the first proposition is practically 
negligible and it is permissible to consider solely the second proposition. The n^t 
point is that the solutions studied here are not solutions of a single salt but mix- 
tures of two salts. In the Na-Ca series, as the calcium concentration is raised, 
successively three ions of sodium are replaced by two ions of calcium, and in the 
Na-Ce series, two ions of sodium are exchanged for one ion of cerium. Besides 
this, in the cerium series, the hydrogen ion concentration is also changed. But 
Rona and Michaelis (1919), after studying the adsorption of binary mixtures of 
salts by charcoal, came to the conclusion that when two salts are present, the more 
adsorbable ions drive the less adsorbable ions out of the surface^ so that the net 
result is very much like the adsorption of a single salt. This simplified picture may 
be applicable for the present case, since the adsorbability of trivalent cations far 
exceeds that of monovalent ions for a negatively charged surface. 
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Figure 2, The plotting of the potential values against the logarithm of the concentrations. The 
Ce-series makes a straight line. The Ca-series does so only in the high Ca range. 

Allowing this much simplification, the data can be checked by a formula for 
adsorption. Freundlich’s adsorption isotherm will be used for testing, which is 

where a is the quantity adsorbed, c, the concentration, a and n are constants (see 
Freundlich, 1930, p. 244). As long as this formula holds, plotting of log a against 
log c ought to give a straight line. For electrokinetics, instead of a, the dharge 
density cr must be used. But since a is a function of ei, in place of log or, the poten- 
tial value t can be directly plotted (see also Muller, 1933).* 

• <r - ± - 1), where <r is the charge per cm^; Z>, the dielectric constant; 

K, the Bolzmann*s constant, namely, R/N =» 1.37 X 10““; T, the absolute temperature; w®, the 
number per cm*, of ions of valency Z far removed from the surface. In other words, ft® is connected 
to the molar concentration c with the relation of ft® c*606 X 10“®®. e is the base of natural 
logarithms; e, the electronic charge. 
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The curve thus plotted is shown in Figure 2. As is evident, the cerium series 
makes a straight line (neglecting the value in Koo M). This can be taken as a 
proof that the change in potential in cerium solutions is due to the adsorption of the 
cerium cations. A similar plotting for the calcium series is also shown in Figure 2. 
In this case, although a straight line is obtained for the higher calcium region, it 
deviates in the lower concentrations. This can probably be interpreted as indicating 
that in the low calcium region, the effect of sodium ions is no longer negligible be- 
cause the difference in adsorbability and in the potency in influencing the zeta 
potential between sodium and calcium is not so great as between sodium and cerium. 

The next point of importance is the agglutination of the eggs under the isoelec- 
tric condition. However, since this problem will be taken up separately in a 
following paper, the discussion will be deferred until then. 

Summary 

1. The electrokinetic potentials of the unfertilized eggs of Sfrongylocentrotus 
pulcherrimus were measured in mixtures of various ratios of isotonic NaCl and 
CaClo and of NaQ and CeClg. 

2. In the Na-Ca series, as the concentration of Ca-ions in the mixture was raised, 
the absolute magnitude of the negative potential of the eggs decreased. In the 
Na-Ce series, with the increase in concentration of Ce-ions, the sign of the zeta 
potential was reversed. 

3. At the isoelectric point, the eggs agglutinated. 

4. The course of the potential change can be attributed to the adsorption of the 
cations. 

5. The existence of a covering layer and its dissolution in the absence of Ca-ions 
such as were seen in Arbacia eggs have not been found in Strongyloccntrofus eggs. 

LITERATURE CITED 

Dan, K., 1933. Electrokinetic studies of marine ova. I. Arbacia punctulata. Jour, Cell, and 
Comp, Physiolj 3 ; 477. 

Dan, K., 1934. Electrokinetic studies of marine ova. II. Cumingia tellinoides, Asterias 
forbesii, Echinarachiiius parma, Nereis limbata and Cerebratulus lacteus. BioL Bull, 
66 : 247, 

Dan, K., 1936 a. Electrokinetic studies of marine ova. III. The effect of dilution of sea water, 
and of sodium and calcium upon tlie surface potentials of Arbacia eggs. Physiol ZooL, 
9: 43. 

Dan, K., 1936 b. Electrokinetic studies of marine ova. IV. The surface potentials of centri- 
fuged fragments of Arbacia eggs. Physiol Zool, 9 : 58. 

Dan, K., 1947. Electrokinetic studies of marine ova. V. Effect of pH-changes on the surface 
potentials of sea-urchin eggs. Biol Bull, 

Freundlich, H., 1930. Kapillarchemie, Vol. 1, Leipzig. 

Knorre, G. von, 1897. Ub^ die Bestimmung des Cers bei gegenwort von Seltemen Erden. 
Zeits, Angew, Chem., 10 : 685, 

Muller, H., 1933. The theory of the diffuse double layer. Symposia on Quantitative Biology, 

1 : 1 . 

Rona, P., and L. Michaelis, 1919. t)ber Adsorption von Elektrolyte durch Kohle. Biochem. 
Zeits,, 94 : 240. 



ELECTROKINETIC STUDIES OF MARINE OVA. VIL RELATION 
BETWEEN THE ZETA POTENTIAL AND ADHESIVENESS OF 
THE CELL MEMBRANE OF SEA-URCHIN EGGS 


KATSUMA DAN 

Misaki Marine Biological Station, Misaki, Kanagawa-ken, and Zoology Department, Faculty 
of Science, Tokyo Imperial University, Tokyo 

In the field of colloid chemistry, the electrokinetic potential is a factor of para- 
mount importance for the stabilization of suspensions and emulsions. In a suspen- 
sion of a single substance the stability is minimum in the isoelectric condition. 

Agglutination of living cells on abolishing the surface potential has been ob- 
served by many investigators in blood cells (Coulter, 1920, 1922; Northrop and 
Freund, 1924; Oliver and Barnard, 1925) and bacteria (Northrop and De Kruif, 
1922a, 1922b; Eggerth, 1923; SWbley, 1924; Falk, 1928; Mudd, Nugent and Bull- 
ock, 1932; Mudd, 1933), and also in some plant cells (Pfeiffer, 1933, 1934). The 
object of the present paper is to see whether a similar relationship exists between 
potential and agglutination in such large cells as sea-urchin eggs and to investigate 
it from the standpoint of surface adhesiveness rather than of agglutination. In the 
majority of agglutination studies, it is conventional to give the critical potentials 
for agglutination. The critical potential however fails to give us adequate informa- 
tion about the physical slate of the surface in the pre-agglutination states. The 
author thinks, for this reason, that the study of adhesiveness is better since it leads 
to a wider viewpoint. Studies of this kind are surprisingly few in the literature, 
presumably because of the inadequacy of methods of measuring adhesiveness (see 
Pfeiffer, 1935). 


Method 

In the experiments to be reported, the stream method was adopted. The simple 
glass apparatus which was constructed is diagrammatically shown in Figure 1. It 
consists of a series of tubes, each square in cross section but differing in dimension. 
The end with the largest bore is connected to a large flat reservoir (omitted from 
the figure). This end serves as the inlet, and at the opposite end, there is an outlet 
tube provided with a stop-cock. As is evident, for a single run of this outfit, five 
different fluid current strengths can be obtained, the current strengths being calcu- 
ated by the amount of liquid flowing through the tube during a definite time interval. 
By combining a choice of different bores and different pressures, it is easy to get 
1 sufficiently wide range of current strengths. Then by taking the percentages of 
remaining cells over the initial numbers for different current strengths, a curve can 
se drawn. This curve will be referred to as the “remainder-curve” in later para- 
jraphs. The area circumscribed by the remainder curve and die two axes indicates 
lie m^;nitude of the surface adhesiveness characteristic to the conditions under 
nvestigation. 
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The actual procedure of the experiment was as follows: a suspension of eggs 
of a suitable concentration was prepared, introduced into the inverted apparatus, 
and the eggs were allowed to settle and lie undisturbed for 10 minutes. (The in- 
terval of 10 minutes was arbitarily chosen but this interval was kept constant through 
all the experiments.) At the end of 10 minutes, the apparatus was reinverted 
(returned to the normal position), so that the eggs were now hanging from the ceil- 
ing, so to speak. Definite areas were then marked out along the midline of the 
tubes of each dimension, quite close to the outlet end, the total numbers of the cells 
included within the marked areas were counted, and the solution was allowed to 
flow for exactly 1 minute (interval arbitrarily chosen). The percentages of cells 
remaining after 1 minute’s flow over the initial numbers in different current 
strengths give a remainder-curve. The positions of the marked-out areas were 
selected near the oulet end of each portion to avoid vortices in the flow near the 
inflow end caused by the narrowing of the tube. The distance from the inflow end 
necessary for obtaining a laminar flow is a function of the dimension of the tube 
and the current strength and can be calculated by the Reynolds number often used 
in hydronamics. 


Side View 



25 CM 

I I I j I I 

Top View 









Figure 1. A diagram of the apparatus for measuring adhesiveness of the cell membrane. 
A series of tubes, square in cross section but differing in dimensions, is made through a glass 
bar (shaded). The large cylindrical tube on the right side is connected to a reservoir by rubber 
tubing. The small lube on the left side is an outlet and the current can be put on or shut off 
by ihe manipulation of the slop-cock. The eggs are made to ,?idhere to the top wall in order to 
avoid the bumping of the washcd-off cells into neighboring cells. It was desired to make the 
tube of the smallest dimension much longer, but this could not be realized because of a technical 
obstacle. 


Critical Consideration of the Method 

Current strengilts. In the data to be presented, the current strengths are calcu- 
lated from the cross-sectional areas of the tubes and the amount of solution which 
flowed out during 1 minute. But, as is known, the current speed is not uniform 
throughout a cross-section, being maximal in the center and decreasing toward the 
walls. It is possible to treat this condition mathematically, but considering the other 
ambiguous terms involved such as 10 minutes’ resting or 1 minute’s streaming, the 
calculation was not attempted. Only the precaution was taken of selecting the po- 
sitions of the marked-out areas along the midline of the top wall. 

Turbulences. As was already mentioned, the object of marking out a definite 
area near the outlet end was to avoid the turbulences in the flow resulting from the 
narrowing of the tube. But this procedure could not eliminate the secondary turbu- 
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lences caused by the eggs themselves. In order to remove tlie errors of this source, 
care had to be taken to leave a certain distance between two adjacent eggs which 
could also be calculated. The distance necessary is the greater, the faster the 
current. As a matter of fact, if an adhering cell is observed by a microscope in a 
very strong current, the cell is sometimes seen to be vibrating, which will not happen 
unless it is being washed in a turbulent flow. Although no special attempt was 
made to remove errors of this kind, they vrere automatically minimized because of 
the fact that, in filling the apparatus with an egg suspension, the number of ^gs 
which could get into a smaller tube, where the current speed was greater, was 
much less than that in a larger tube where the rate of flow was relatively slow. 

Glass surface. The inner surfaces of the glass apparatus were polished in order 
to obtain as uniform a condition as possible and they were frequently cleaned with 
cleaning solution. But it soon came to the author’s notice that the first reading 
after a cleaning was always higher than the succeeding readings. The readings 
from the second time on checked very well among each other. This is obviously 
due to the coating of the glass surfaces with proteins during the first measurement. 
For this reason, before starting a series of measurements, filling of the apparatus 
once with an egg suspension was practiced. Between successive measurements, the 
apparatus was washed with isotonic NaCl solution. 

Limit of the method. The maximum current velocity tried in the present investi- 
gation was about 2m./sec. When the egg surface was made extremely adhesive by 
1/200 M CeCla, even this flow speed could not wash off any cells. If microscopic 
observations were made of eggs in a current speed of around 2 m./sec., the eggs 
were seen to be deformed under the pressure exerted by the current. If die tearing 
force was further increased, finally the main bodies of the cells were tom off, leaving 
small portions of cytoplasm still adhering to the glass wall. This is not due to the 
failure of the membrane adhesiveness to resist the pressure but to the yielding of 
the membrane tension and the cohering force of the protoplasm to the force ap- 
plied. This sets a limit to the method. 

Results 

Hydrogen ion concentrations and adhesiveness. During the work reported in 
a previous paper (Dan, 1947a), it was noted that when the concentration of hy- 
drogen ions of the medium was increased, the sea-urchin eggs stuck together in 
various degrees roughly proportional to the concentration of hydrogen ions. In 
the literature, observations on the agglutination of sea-urcliin eggs when an acid is 
added to sea water are frequently met with (Gray, 1916,* Runnstrom, 1929; Vies, 
1924). 

The present experiment was performed on tlie unfertilized ^s of Anthocidaris 
crassispina from which the jelly had previously been removed. The pH values 
taken were 8.2 (natural sea water), 6.9, 4.7 and 2.7, salt corrections being made by 
Qark’s table. The cataphoretic potentials at these pH’s are — 23.0, — 26.3, — 18.5 
and — 11.0 millivolts respectively (Dan, 1947a), The reasons for selecting these 
pH values are that the first is the natural medium, the second is the medium in 
which the absolute magnitude of the potential is the largest, the third corresponds 
to a point which is just above the critical potential for flocculation of the cells and 
the last is a very acidic medium. The most acidic medium investigated in the 
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previous work (pH 2.0) was intentionally avoided for a reason which will be dis- 
cussed below. 

One of the typical results of the adhesiveness measurements is shpwn in Table 
1 A and B and Figures 2 A and B. It is to be noticed that although variation does 
exist in the adhesiveness of different batches, the general feature is very consistent. 


Table 1 

The remainder percentages in media of different pITs 


A 

Stream method 

Gravity 

method 

Medium 

% 

cm./sec. 

% 

cm./aec. 

% 

cm./aec. 

% 

cm./sec. 



% 

Seawater 


0.40 

66.7 

0.65 

13.0 

1.28 

0 

2.00 

0* 

8.00* 

45.8 

pll 0*4 

(23.0 m.v.) 

49.1 

0.40 

37.5 

0.65 

16.7 

1.28 

3.8 

2.00 

0 

8.00 

67.0 


100.0* 

0.41 

RQIjI 


100.0* 

133* 

100.0* 

2.08* 




Sea water 
pH 4.7 

100.0 

0.58 

100.0* 

0.95* 

100.0 

1.87 

100.0* 

2.92* 


11.53 

100.0 

100.0* 

3.74* 

100.0* 

6.19* 

100.0 

12.13 

70.1 

18.96 

43 

75.83 

— 


100.0 

3.89 

100.0 

6.43 

83.8 

12.60 

453 

19.69 

0 

78.75 

100.0 


98.7 

4.07 

93.1 

6.74 

79.6 

13.20 

49.3 

20.63 

63 


100.0 

Sea water 
pH 2.7 
(—11.0 m.v.) 

- 

— 

100.0 

6.80 

98.6 

1333 

93.7 

20.83 

813 

83.33 

100.0 

1 100.0 

7.61 

moll 

12.59 

98.6 

24.67 

93.7 




— 

B 

1 

Stream method 

Gravity- 

method 

Medium 





% 

cm./8ec. 

% 

cm./sec. 

% 

cm./sec. 

% 

Sea water 
pH 8.2 
(—23.0 m.v.) 

94.7 

0.35 

88.3 

0.58 

67.1 

1.13 

44.3 

1.79 

93 

7.08 

7,6 

. 77.7 

0.56 

75.5 

0.92 

56.1 

1.80 

41.0 


4.8 

11.25 

— 

100.0 

0.33 

98.1 

0.54 

84.9 



1.67 

3.7 

6.67 

4.9 

Sea water 
pH 6.9 
(—26.3 m.v.) 

f 100.0* 

0.33* 


0.55* 

100.0* 

1.08* 

68.4 

1.69 

5.7 

6.75 

2.0 


0.56* 

100.0* 

0,92* 

100.0 

1.80 

653 

2.81 

2.9 

1135 

— 

f - 

— 

99.1* 

0.54* 

100.0* 

1.07* 

72.2 

1.67 

1.9 

6.67 

1.6 

1 - 

— 

99.1 

0.95 

98.1 

1.86 

54.6 

2.91 

■a 

11.67 

— 

Sea water 
pH 4.7 
(-18..Sm.v.) 

f 100.0* 

0.37* 

100.0* 

0.61* 

100.0* 

1.20* 

100.0* 

1.87* 

97.4 

730 

100.0 




3.13 

100.0 

6.13 




38.33 

— 

[m3 

2.06* 

100.0* 

3.40* 

100.0 

6.67 

94.5 


IS9I 

mm 

100.0 


m 

100.0* 

6.53* 

100.0 

12.79 

87.3 

20.01 

3.3 

80.01 

— 

Sea water 
pH 2.7 
(—11.0 m.v.) 

[100.0 

1 4.04 

98.6 

6.66 

100.0 

13.05 

89.7 




100.0 

lyg 

m 

m 

11.22 

100.0 

21.98 

89.7 

34.39 





* , omitted from figure. { , one lot of eggs exposed to two different current strengtiis. 


There are unmistakable differences between the adhesiveness in pH 2.7 and pH 
4.7 and again between that in pH 4.7 and in the two higher pH values. But the 
difference in adhesiveness between the two higher pH values is hardly perceptible. 
This is caused by the fact that when the absolute magnitude of the potential increases 
well above the critical potential, the cells become so non-adherent that the present 
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Figure 2 A. The remabder-curves of Anthocidarls eggs in sea water of pH 8.2 (normal 
sea water) (CD — 0)i pH 4.7 (A A) and pH 2.7 (• — •). The ordinates arc the percentages 
of the remabing cdls, and the abscissae are the current strengths. The area circumscribed by 
a remainder-curve and the two axes is taken as the index of adhesiveness. 



Figure 2 B. Another set of Anthocidaris remabder-curves in sea water of pH 8.2 
(O "" O) I pH 6.9 (■ — m), pH 4.7 (A — A) and pH 2.7 (• — •), showing the reproducibility 
of the results among different batches. Note also that the adhesiveness in pH 8.2 and that b 
6.9 are nearly the same although they can be well differentiated by tlie gravity method (see 
Table IB). 
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teclinique is too crude to show the difference. Fortunately, however, the differ- 
ence can be caught by the gravity method. On inverting the container, the number 
of the cells which fall is greater for pH 6.9 than for pH 8.2 on many occasions 
(see Table IB). In pH 6, the inversion of the tube fails to tear off any eggs from 
the wall, which indicates that at pH 6, the adhesiveness suddenly increases. It is 
extremely interesting to remember here that the absolute magnitude of the surface 
potential in Anthocidaris eggs suddenly decreases between pH 7 and pH 6. 

It was pointed out previously that the change in cataphoretic potential caused 
by the change in hydrogen ion concentration is always perfectly reversible. The 
change in adhesiveness is also reversible. An example is given in Table 2 and 
Figure 3. The curves for before and after the treatment with the medium of pH 
4.7 overlap perfectly. One batch of eggs was met with which became imusually 
adhesive in the medium of pH 4.7, but even in that case, the reversibility was perfect. 



Figure 3. A set of records showing tlie perfect reversibility in the adhesiveness of the cell 
membrane of Anthocidaris eggs. O ■" O, the remainder-curve in sea water of pH 8.2. A — A, 
tliat in sea water of pH 4.7. • - that in sea water of pH 8.2 after the treatment with 
acidified sea water of pH 4.7. 

Cerium ions and adhesiveness. The results of the cataphoretic measurements 
of a Na-Ce series were taken from the preceding paper (Dan, 1947b). These 
cataphoretic measurements were not made under exactly the same conditions as 
the present adhesiveness measurements, but they are believed to be comparable. 

An example of the adhesiveness measurements in a Na-Ce series is given in 
Table 3 and Figure 4. This figure is self-explanatory. When the cerium concen- 
tration becomes higher, i.e., as tlie absolute magnitude of the negative potential de- 
creases, the remainder curves become higher and higher and after passing 1/200 M 
CeClg, which is nearly the isoelectric concentration, the curves come down again. 
A comparison of the cataphoretic values with the adhesiveness values is given in 
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Table 2 
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Table 4 and is represented graphically in Figure 5. Inverse correlation between 
the two properties is unmistakable. In this case, considering the crudeness of the 
technique, the adhesiveness values were roughly obtained by cutting out the plotted 
areas and weighing them instead of measuring the areas by a planimeter. The 
ratios of the adhesiveness values are in the order given in Table 4; e.g., 
1 : 23.S : 80.5 : )» 273.6 : 10.2 ; 9.3 : 0.7. 


Table 4 


Cone, of Ce-ions in mol. 

O(NaCl) 

1/3000 

1/2000 

1/1000 

1/200 

1/80 

1/50 

.1/10 

1/4 

Zeta potentials in m.v. 
Ratios of adhesiveness 

-39.7 

-22.8* 

-18.1* 

-13.4 

+4.0* 

+18.1 

+21.4 

+33.9 

+42.6 

values 

1.0 

23.5 

80.5 

— 

273.6 

10.2 

9.3 

0.7 

— 


* Potential values found by intrapolation. 


Specific Effect of Different Ions on Adhesiveness 

If the catophoretic potential is the only factor involved in determining the adhe- 
siveness of the cell membrane, the eggs should have the same adhesiveness at the 
same potential, no matter by which ions the change is brought about. In order to 
test this, 1/3 M CaQg, 1/2000 M and 1/80 M CeClo in NaQ were selected and 
the adhesiveness in these solutions was tested. In all three solutions, the absolute 
magnitude of the potential is approximately 18 millivolts. The adhesiveness data 
are given in Table S and Figure 6. The figure shows that the above supposition is 
not true. Although the remainder curves in 1/3 M CaClg and 1/80 M CeClg follow 
a more or less similar course, that in 1/2000 M CeQg runs decidedly higher. Of 



Figure 6. Comparison of the membrane adhesiveness of Strongylocentrotus eggs in three 
different media, in each of which the absolute magnitude of the cataphoretic potential of the egg 
surface is about 18 millivolts. 0 — 0, 1/3 M CaClj; A — A, 1/2000 M CeCla + NaCl and 
• CeClB + NaCI, 
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course, there is still room for the argument that since 1 /2000 M cerium corresponds 
to the steepest part of the concentration-potential curve (see Dan, 1947b, Fig. 1), 
the greater adhesiveness here obtained may be due to a slight deviation of the cerium 
concentration to the more concentrated side. But a study of the acid series defi- 
nitely negates this possibility. In a preliminary measurement, at pH 3 where the 
zeta potential of Strongylocenfrotus eggs is — 19.6 millivolts, the adhesiveness turns 
out to be much higher than that in 1/2000 M CeCls. 


Table S 


Medium 

% 

cm./aec. 

% 

cm./sec. 

% 

cm./sec. 

% 

cm./sec. 

% 

cm./sec. 

1/3 M CaCl, 

95.1 

0.26 

86.5 

0.44 

71.9 

0.81 

55.9 

1.33 

55.4 1 

2.39 

(—17.5 m.v.) 

37.4 

3.58 

29.5 

5.58 

23.3 

8.25 

14.0 

14.60 

12.0 

30.42 


4.1 

59.37 

0 

102.50 








99.3 

1.74 

93.9 



9.20 

81.8 

15.58 


29.22 


51.0 

56.01 

11.5 



187.50 





1/80 M CeCl, 

94.3 


96.3 

0.41 

68.5 



1.28 

23.3 

2.92 

(+17.2 m.v.) 

18.5 

5.10 


8.80 

8.1 

15.01 


26.53 

5.0 

33.75 


3.3 

70.21 

1.8 

103.33 








The above finding is not surprising considering the fact that Northrop and 
De Kruif (1922a) came across the same sort of phenomenon. They conclude that 
within 0.01 to 0.1 N of a salt solution, the potential is a primary factor for adhesive- 
ness, but above 0.1 N, the specific effect of individual ions begins to modify the 
general issue. 

Another complication to be remembered is a biological factor. Reports can be 
found in the literature to the effect that some cells normally have no detectable 
potential yet are not sticky at all (Mudd, 1933). Among marine ova, Ccrchratnlns 
eggs belong to this class (Dan, 1934). Besides this, adhesiveness measurements 
show that immature eggs with germinal vesicles are stickier than ripe ones, with 
no difference in their potentials. In bacteriology, this secondary modification of 
the potential-adhesiveness relation is attributed to the state of hydration of the sur- 
face. At present, no evidence is available whether or not such a situation exists 
among marine ova. 

At any rate, it can be concluded tliat so far as sea-urchin eggs are concerned, 
the cataphoretic potential is a predominant factor in determining stickiness in the 
majority of the cases, and that only under certain circumstances can biological 
factors and ionic conditions modify the general trend to a lesser extent. 

Discussion 

In the preceding paragraphs, evidences have been put forward to show that the 
adhesiveness of the cell membrane of sea-urchin eggs is primarily determined by 
the electrical condition of the membrane. 

^ When the zeta potential is shifted, the adhesiveness also changes. Therefore, 
it is evident that referring only to the critical potentials of flocculation is not a satis- 
factory method. This shortcoming can be supplemented by the present technique. 


















284 


KATSUMA DAN 


However, for the sake of comparison, if the critical potential of Strongylocentrotus 
eggs is suggested, it must lie in the neighborhood of =i= 16 millivolts, because in 
the cerium series, — 13 millivolts is decidedly below the critical point and — 22 
and + 21 millivolts are above it, while in the acid series, — 19 millivolts is just 
above the critical point. This figure of 16 millivolts agrees very well with the 
other data obtained in a variety of materials. 

From the standpoint of cell physiology, two points of particular interest will be 
commented upon. When the correlation between the abolition of the surface poten- 
tial and the agglutination of cells was established beyond any dispute in bacteria and 
erythrocytes, it naturally led investigators to attempt to discover the same relation 
in leucoc 3 rtes. However, the careful investigations of Faure-Fremiet (1927a, 
1927b, 1928) and Fenn (1922) revealed the fact that the situation is either very 
complicated or the correlation fails entirely to hold in the leucocytes of both verte- 
brates and invertebrates. This fact may be taken as very instructive. As is well 
known, bacteria and erythrocytes are comparatively inert cells, and as such, are 
predominantly fitted for the analysis of purely physico-chemical factors. Attempts 
for further advancements along this path might very likely have been attended with 
more success if they had been directed to egg cells rather than to leucocytes. The 
present work will offer a good example to bring out the contrast of the two materials. 

The last question is how far the cataphoretic potential is connected with vital 
activity. In the present stage of our knowledge, no unanimity has been reached 
among investigators. Many of them even negate a possible correlation between 
the two. Yet, some positive evidences are accumulating. In the bacteriological 
field, it is often suggested that the virulence of pathogenic bacteria (Rosenow, 1933a, 
1933b, 1934; Rosenow and Jensen, 1933) and the nitrogen fixing power of soil 
bacteria (Tittsler, Lisse and Ferguson, 1932) are correlated with the surface 
potential. 

As for sea-urchin eggs, the data are too scanty to warrant a definite conclusion. 
But it is interesting to point out that Schechter (1937), in his study on the endu- 
rance of fertilizability of Arbacia eggs in mixtures of NaCl and CaCl^ in various 
ratios, found that the eggs remained fertilizable longest in straight NaCL This 
means at least in this case, that the longest viability is associated with the highest 
magnitude of the zeta potential. (In Arbacia, the dissolution of the calcium com- 
pound complicates the ^situation, but so far as the underlying surface is concerned, 
this statement holds. See Dan, 1936, Table 11.) 

This interdependence of high negativity and longevity of the eggs has an inter- 
esting connection with the electrokinetic conditions prevailing on the egg surface in 
a normal environment. In Arbacia, the potential on the internal granules is ca. 
— 10 millivolts, that of the protoplasmic surface is ca. — 20 millivolts, that of the 
calcium compound is ca. — 30 millivolts (Dan. 1936) and finally tlie potential of 
the jelly is ca. — 35 millivolts (Dan, 1933). In other words, the zeta potentials of 
the enveloping layers become higher in absolute magnitude in the order from the 
interior to the exterior. Among the data so far collected by the author, there is 
not a single exception to this arrangement (Dan, 1934). A priori thinking, where 
there is a barrier of a high zeta potential, more energy will be required for charged 
substances to pass through it, for substances carrying a charge the same in sign as 
that of the barrier will be repulsed at the boundary, while substances with the oppo- 
site sign will be tightly adsorbed. Thus preventing an unnecessary exchange of 
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substances with the environment, this condition may be effective in the protection 
of the cell interior. This is particularly significant for egg cells which have enough 
stored nutrient materials to live for a while independent of their surroundings. If 
we are allowed to go one step further in imagination, this fact may have something 
to do with the unexpectedly high values in the potentials of egg cells. But until 
further researches are made, this shielding effect by the high potential of the envel- 
oping layer is simply offered as a suggestion. 

Summary 

1. A simple apparatus is described for measuring the adhesiveness of the cell 
membranes of sea-urchin eggs by the stream method. 

2. By constructing a curve of the percentages of remaining cells in different cur- 
rent strengths (remainder curve), adhesiveness is expressed by the area circum- 
scribed by the curve and the two axes. 

3. In Anthocidaris eggs, when the zeta potential is changed by hydrogen ions, 
the adhesiveness changes correlatively and the shifts in the potential and the adhe- 
siveness are both perfectly reversible. 

4. In Strofigylocentrotus pulcherrimus, both the potential and the adhesiveness 
change pari pasu when cerium ions are added to the medium. Adhesiveness is 
maximum at the isoelectric point. 

5. Specific effects of individual ions play a secondary role in determining the 
membrane adhesiveness. 

6. Related phenomena are discussed. 
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THE DEVELOPMENT OF THE SPIRACULAR CARTILAGES 
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VULGARIS (SQUALUS ACANTHIAS)* 
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Department of Zoolayy, Fouad I University, Cairo, Eijypt 

The vSpiracular cartilages of Selachii differ in their number, sliape and develop- 
ment among different forms. Concerning the morphological significance of tliese 
elements, there are two different views. The first is that of Huxley (1876) who 
considers the spiracular cartilage of Hetcrodontus (Cestracion) to be the separate 
otic process. Concerning this cartilage, he gives the following statement: "This 
small cartilaginous plate, which is connected only by ligament with the periotic 
cartilage above and with the quadrate below, answers to the otic process of the Frog’s 
suspensorium.” 

Parker (1879) differentiates between the spiracular cartilages of sharks and 
skates by the following statement: "As a rule, the cartilage developed in the 
spiracular operculum in the shark is a ra}’ (or rays) ; in the skate it is part of the 
body of the arch." Then he adds: "As to CcwStracion, I quite agree with him (re- 
ferring to Huxley) that the spiracular cartilage is the separate otic process, and it is 
worthy of notice that whilst the spiracular cartilages of the sharks are mere rays, 
3'et they are chondrified detachments of the thin edge of the tissue tliat fills tlie 
primary fold in front of tlie first cleft.” 

So while he considers the spiracular cartilages of sharks to be mere rays, yet he 
agrees with Huxley in considering the spiracular cartilage of Heterodontus, which 
is also a shark, to be the separate otic process. 

Edgeworth (1925) states that the spiracular cartilage of both Scyllium and 
Hetcrodontus is formed as a procartilaginous upgrowth of the hind end of tlie 
palatoquadrate which subsequently separates and chondrifies. From this he con- 
cludes that this cartilage is homologous with the otic process. 

In dealing with the skull of Tori)edo, De Beer (1926) describes a single 
spiracular cartilage wliich is connected with the posterior part of the palatoquadrate 
l)y dense tissue, and he is inclined to believe that it represents the otic process. 

''Hie otic process of the junphistylic Notidanidae is described by Goodrich (1909) 
to articulate with the post-orbital process of the aduitory capsule and to pass outside 
and above the byomandibular nerve. 

The spiracular cartilage does not show these relations which are typical of an 
otic process. As a matter of fact, it lies far behind and much below the post-orbital 
])rocess and it is se])arated from the latter structure by the large levator maxillae 
superioris muscle. The fact that it lies posterior and somewhat mesial to that 
muscle shows, as Allis (1914) points out, that it cannot be a part of the otic 
])rocess. 

• Part of a IhcsL appiovctl fi)r the degree of Doctor of Philosopliy m the University of 
i..ou(lou. 
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Against this view also is the fact that whereas there is a single spiracular carti- 
lage in such forms as Heterodontus and Scyllium there may be two of these carti- 
lages as in Acanthias or even three as in Centrophorus. The presence of two or 
more spiracular cartilages in some Selachians is by no means in favour of Huxley’s 
interpretation. 

The other view concerning the spiracular cartilages of Selachii is lliat of Gegeu- 
baur (1872), who considers tliese cartilages to be modified mandibular rays. 

In supporting this view, Holmgren and Stensio (1936) state that the spiracular 
cartilages must be interpreted as branchial rays of tlie mandibular arch. They 
think that their similarity to the branchial rays is perhaps most obvious in Scymnus, 
where they are represented by two flat, rod-like cartilaginous plates parallel to each 
other. 

The development of the spiracular cartilages in the spiny dogfish, Acanthias 
vulgaris, favours Gegenbaur’s view to a great extent and it shows thoroughly well 
tliat these structures are mandibular rays. They are developed in relation to the 
anterior spiracular wall to which they give support and they have always been found 
to have the same relation to the mandibular arch as tlie ordinary branchial rays to 
their corresponding arches. 

They resemble the ordinary branchial rays, not only by their general appearance, 
both being slender, rod-like structures, but also by the fact that they chondrify at a 
later period than the mandibular arcli. This is quite the same in the case of the 
branchial rays, the chondrification of which always takes place after that of their 
corresponding arclies. 

It has been observed that in a 39 mm. embryo of Acanthias vulgaris, where both 
the palatoquadrate and Meekers cartilage are present as chondrified elements, the 
spiracular cartilages have not yet appeared as such. At this stage only the outer 
spiracular cartilage is present (Fig. I A, o,spx.). It is in the form of an elongated 
mesencliymatous band which stands, more or less, vertically above the posterior end 
of the palatoquadrate. This band is well-defined and it stains deeper than the 
surrounding connective tissue from which it is, therefore, easily detectable. It is 
curved in such a way tliat its outer surface is convex and its inner one is concave. 
Its ventral end fits closely on the dorsal surface of the palatoquadrate, nearer to the 
outside than to tlie inside. Inner to this spiracular cartilage, is to be seen in the 
section, the spiracular poucli which is extending, more or less, obliquely and which 
is connected with the phaiynx by an elongated, narrow tube. It opens to the out- 
side in a more posterior section. 

The spiracular cartilages were then studied in a 45 mm. embryo, tlie cartilaginous 
skeleton of which has been stained with methylene blue by Van Wijhe’s method 
(1902) and micro-dissected. At this stage, not only the outer spiracular cartilage is 
present, but also tlie inner one. But they are not present as true cartilaginous 
structures since they have not become stained with the methylene blue. The latter 
stain, as Van Wijhe pointed out, differentiates not only between cartilage and 
otlier tissues, but also between cartilage and procartilage. Although the spiracular 
cartilages did not become stained with the methylene blue as other parts of the 
cranium in which chondrification proceeded, they are more rigid than the surround- 
ing tissues and could he easily shown in the dihseclion. 

They are present at this stage as two slender procartilaginous rods which form 
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nearly right angles with the posterior part of the palatoquadrate (Fig. 2, Lsp.c, and 
o,spx,). They are somewhat curved towards the posterior end of the animal and 
their ventral ends are in contact with the upper surface of the palatoquadrate. 




dcf.mc/.m. 


2mm. 


c 


FrcuRE 1. Transverse sections in the head region of Acanthias vulgaris showing the spiracular 
cartilages of: A, 39 mm.; B, 64 mm. and C, 110 mm. embryos. 


These ventral ends are broader than the dorsal ones wliich are pointed. The outer 
spiracular cartilage, which, as stated above, appears earlier than the inner one is 
more elongated than the latter element. Their relation to the palatoquadrate, is 
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here strikingly similar to that of the hyal rays to the hyomandibular and ceratohyal, 
as well as to that of the branchial rays to both the epibraiichials and ceratobranchials. 

Mori (1924), in describing a 44 mm. embryo of Acanthias, states that there is 
a single spiracular cartilage which is oval in shape and which has its longer axis 
parallel to that of the palatoquadrate. This description is not correct as it has been 
found that the spiracular cartilages are always, in Acanthias, rod-like structures 
which stand at right angles to the palatoquadrate. 

Although Sewertzoff (1899) describes also a single spiracular cartilage in his 
50 mm. stage, yet his description of this single element is in accordance with that 
of the 45 mm, embryo given above. This cartilage is rod-like and is at right angles 
to the palatoquadrate. 



Figure 2. The cliondrocranium of 45 mm. embryo of Acanthias tmlgaris stained with methylene 
blue and micro-dissected to show the relation of the spiracular cartilages to the palatoquadrate. 

In the following stage, which is a 64 mm. embryo, tlie two spiracular cartilages 
have chondrified and they still retain their approximation to the palatoquadrate 
(Fig. 15). The outer spiracular cartilage is thicker than tlie inner and its base is 
closer to the palatoquadrate. The inner has grown more dorsally than in the 
previous stage. The ventral ends of both of them are surrounded by mesenchy- 
matous tissue which extends ventrally to lie in contact with the dorsal surface of the 
palatoquadrate. Dorsal to the spiracular cartilages and lateral to the auditory 
capsule, is shown, in the section, the most posterior part of the levator maxillae 
superioris muscle (huxs.). It is attached dorsally to the supra-otic crest of the 
auditory capsule which is, here, not yet well-developed. 

In a later stage (102 mm. embryo) the development of the spiracular cartilages 
proceeded further by their growth in the dorsal direction, particularly the inner 
one which now exceeded tlie outer in length. Its dorsal end lies now opposite the 
upper surface of the lateral semicircular canal (Fig, 3A), The relation of the 
two spiracular cartilages to the palatoquadrate is the same as before and again the 
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outer lying closer to it than the inner. They are somewhat facing backwards and 
they lie right at the back of the levator maxillae superioris muscle. 

Whereas these cartilages are quite simple rods in the previous stage, their 
structure is here rather interesting. The outer spiracular cartilage has a bifurcate 
dorsal end, the outer of the two branches is somewhat broadened to form a small 
lamella while the inner one is slender (Fig. 3/1'). The dorsal end of the inner 



Fkjukk 3. Lateral and posterior views of the spiracular cartilages of 102 min. embryo of 
Acanthlas vulgaris (A and A') ; same of 270 mm. embryo (B and B'). 

Spiracular cartilage is, on the other hand, divided into two branches which are 
nearly of the same thickness. The tips of the four branches lie, in the figure, on a 
curved line which represents the margin of the anterior spiracular wall. 

The distinct bifurcation of the dorsal ends of the two spiracular cartilages is 
interesting owing to the fact that they show great resemblance to the branching 
hyal rays of the same stage. These latter rays are shown in Figure 4 where some 
of them aare simple rods of cartilage while others have bifurcate posterior ends. 
Great similarity is to be observed on comparing the two spiracular cartilages' with 
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these bifurcate hyal rays of the same individual. Each one of the latter structures 
possesses a simple stalk which lies opposite the ceratohyal and a bifurcate posterior 
end which lies away from it. The spiracular cartilages are strikingly similar to 
them and they differ only in extending dorsally instead of posteriorly as these rays 
extend. This similarity favours the view that they are nothing but mandibular rays 
formed to support the anterior spiracular wall. 



Figure 4. Hyal and branchial rays of 102 mm. embryo of Acanthias vulgaris stained with 

methylene blue and micro-dissected. 

The spiracular cartilages are also shown to be bifurcate in a still older stage (110 
mm. embryo) which has been sectioned. In this latter embryo they are more de- 
veloped than in the previous stage and they spread over a large area in the 
spiracular wall. The two branches of the outer spiracular cartilage are shown 
in the section (Fig. 1C, o.sp.c.). Of the inner one, only the outer branch is found 
in the same section, while the inner branch is to be seen in another section. Inner 
to them, tliere is the posterior part of the levator maxillae superioris muscle which 
extends from the supra-otic crest above to have its ventral insertion on the dorsal 
surface of the palatoquadrate. The latter cartilage is here well-developed and 
possesses a prominent ventral process which adds to the efficiency of the attachment 
of the adductor mandibularis muscle to that cartilage. Inner to the palatoquadrate 
there is the efferent pseudobranchial artery (c/. psd.) which extends from the 
spiracular pouch to unite with the internal carotid artery (f.r.) after piercing its 
way tlirough the lateral cranial wall. 

The bases of the two spiracular cartilages are present in a more posterior section 
where they lie quite close to the palatoquadrate cartilage, the same as in the previous 
stages. This section is chosen mainly to show the two branches of the outer 
spiracular cartilage which are extremely distinct. 

Finally the spiracular cartilages have been dissected in a 270 mm. embryo, a 
stage in which the yolk sac has completely disappeared and the embryo is ready to 
eave the body of tlie female fish and lead a free life. They are here broader than 
before in the transverse direction, so that in a posterior view (Fig, 3S') they appear 
IS two small plates of cartilage instead of being rod-like as in the previous stages. 
^,t the same time die bifurcation of their dorsal ends is about to disappear com- 
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pletely. This is brought about by the growth of the two branches of each spiracular 
cartilage towards each other to fill up the space lying between them. This growth 
has advanced in this stage to such an extent that only the tips of the original 
branches are to be observed. As a result, the dorsal part of each spiracular cartilage 
is much broader than its ventral part and it is present as a somew^hat broad, flat 
lamella carried by the original stalk of each cartilage. The original bifurcation, 
though nearly completely obscured, is still to be detected at the upper margin of that 
lamella. 

In a lateral view, the spiracular cartilages are strongly curved backwards, this 
curvature following that of the spiracular pouch (Fig. 3S). Their ventral ends are 
also in contact with the upper surface of the palatoquadrate. 

The spiracular cartilages of this stage are quite similar to those of adult 
Acanthias where they are described by Wells (1917) as two small, flat cartilage 
bars. The only difference is the complete disappearance of the original bifurcation 
of their dorsal ends in the case of the adult fish. 

The development of the spiracular cartilages in Acanthias vulgaris, therefore, 
supports completely the view expressed by Gegenbaur that these cartilages are 
simply mandibular rays. Summarizing the facts upon which this conclusion is 
based, they are as follows : 

1. They chondrify at a later period than the mandibular arch wdiich is in com- 
plete accordance w’ith the chondrification of the ordinary branchial rays with re- 
spect to their arches. 

2. They are, particularly at early stages of development, quite simple rods of the 
same shape as the branchial rays and they articulate with the palatoquadrate in a 
way which is similar to the articulation of the latter rays with their corresponding 
arches. 

3. The fact that at a certain stage of their development they have bifurcate dorsal 
ends and that this bifurcation makes them quite identical with the bifurcate hyal 
rays of the same stage is a good support to that view, 

4. At no stage of development whatsoever, have they been found to be in con- 
tinuity with the palatoquadrate, a fact which is against the idea that they represent 
the separate otic process. 

5. The fact that they lie posterior to the levator maxillae superioris muscle and 
far away from the post-orbital process shows that they do not occupy the position 
of a typical otic process. 

When we compare the function of the spiracular cartilages, which are supporting 
the anterior spiracular w^all, wdth that of the branchial rays, a great similarity be- 
tween both structures is to be observed. The branchial rays are developed in rela- 
tion with the gill lamellae to which they give support. It is well-known that tlie 
spiracular pouch represents the remains of an originally functional gill pouch which 
existed between the mandibular and hyoid arches and which was comparable with 
any of the following gill pouches. Such a functional spiracular pouch is described 
by Watson (1937) in the Acanthodians. It existed between the mandibular and 
hyoid arches with the result that the latter arch was free and did not function as a 
suspensorial element. In these latter fishes, not only the palatoquadrate but also 
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Meckel’s cartilage, carries a complete set of mandibular rays. They are developed 
to support a mandibular operculum which is present in these fishes. 

The existence of a functional gill pouch between the mandibular and hyoid 
arches is, therefore, from the palaeontological point of view, beyond reasonable 
doubt. When such a functional gill pouch has been reduced into the spiracular 
pouch during the phylogenetic development of the Selachii, it follows that the rays 
related to this pouch should also be reduced in number. In the latter fishes, there- 
fore, it is to be considered that the spiracular cartilages are the remains of a com- 
plete set of mandibular rays which existed in their ancestoral forms and which used 
to support a functional gill pouch lying between the mandibular and hyoid arches. 
Even after this reduction in number took place, the function is still the same and 
the spiracular cartilages are present to support the walls of the reduced spiracular 
pouch. 
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Explanation of Lettering 

a.sx,, anterior semicircular canal ; 

ad. md.m,^ adductor mandibularis muscle ; 
aud*, auditory nerve ; 

and.c., auditory capsule; 
bJiy., basihyal ; 
br,r,, branchial rays ; 
ch,, ceratohyal ; 

d.end., ductus endolymphaticus ; 
cj.psd,, efferent pseudobranchial artery; 
j-pr., foramen prooticum ; 
gL, glossopharyngeal nerve ; 

Jm,, hyomandibular cartilage ; 

hmyil, hyomandibular branch of facial nerve; 

hy,r,j hyal rays ; 

i.c*, internal carotid artery ; 

i.sp.c,, inner spiracular cartilage ; 

LhyM,, levator hyomandibularis muscle ; 

levator maxillae superioris muscle ; 

Lsx,, lateral semicircular canal ; 
la^orb*, lamina orbitonasalis ; 

Mx., Meckel’s cartilage ; 

medulla oblongata ; 
w,, notochord; 

o, spx., outer spiracular cartilage ; 

OCX,, occipital arch ; 
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orbx,, orbital cartilage; 

orb.p., orbital process of palatoquadrate ; 

p., parachordal ; 

p.ant, pila antotica ; 

ph., pharynx ; 

•po.c., polar cartilage ; 
fq., palatoquadrate ; 

r, , rostrum ; 

^.orb.c,, supra-orbital cartilage ; 

s, ot.c.j supra-otic crest; 
sp., spiracle ; 

sp,p,, spiracular pouch ; 

t, trabecula; 

t.m.*, taenia marginalis ; 

tpr,, lateral trabecular process ; 

tr.f., trochlear foramen ; 

v.c.t,, vena capitis lateralis ; 

p,exb,l--5j first to fifth ventral extrabranchiaJs ; 

v,exh., ventrad extrahyal ; 

kjg., vagus nerve. 
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